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Abstract 
 
Within the aerospace, defence, space, and security (ADS) industries, there is a growing reporting requirement 
and interest in understanding and reducing the environmental impacts of products and related risks to 
business. This dissertation presents the research carried out in collaboration with six ADS companies (ADS 
Group, Airbus Group, BAE Systems, Bombardier Aerospace, Granta Design, and Rolls-Royce) to establish 
industry methods for consistently measuring and reporting two pre-selected product-based environmental 
indicators identified as important to the industry: energy consumption and access to resources.  
Following an action research approach, four potential methods for calculating and reporting the manufacturing 
energy footprint of ADS products were identified and industry tested on three case study parts selected by 
Airbus Group, Bombardier Aerospace, and Rolls-Royce. Methods tested were: (1) Direct measurement, (2) 
Theoretical calculation, (3) Facility level allocation of energy consumption (based on annual production 
hours, quantity, and weight of parts manufactured), and (4) Approximation based on generic data. Method 3 
(Production Hours) was found to be the most suitable “single” method for immediately reporting the 
manufacturing energy footprint of parts as it was quick to implement and based on widely available industry 
data.  Regarding the comparability of methods, methods were found to be incomparable and produce 
significantly different results when applied to calculate the manufacturing energy footprint of the same part. 
Differences in the comparison of two methods could be in the order of one magnitude based on findings. Such 
large differences are significant for understanding energy use/costs, environmental impacts (e.g. carbon 
footprint), and reliably reporting and comparing information for informing decisions.  
Therefore, methods for calculating the manufacturing energy footprint of products cannot be assumed to be 
interchangeable and stacked in LCAs, EPDs, and other standards. These findings challenge current LCA 
practices and the interpretation of product-based environmental declarations if multiple methods have been 
used and results stacked. Thus, existing standards and growing product-orientated environmental polices 
allowing for the use of multiple methods (e.g. EPDs and PEFs) may indeed proliferate incomparability rather 
than engender comparability. Regarding approximating product energy footprints using generic data, the 
research was only able to approximate the machining energy consumption associated with the case study parts 
because of data gaps in the generic database. However, a high comparability between generic data use and 
direct measurement (i.e. specific/primary data) was found. These limited findings challenge attitudes towards 
generic data use and indicate potential scope to replace expensive primary data collection with more cost-
effective (and similarly accurate) generic data.  
With regards to proposing a method for measuring the access to resources (A2R) product-based 
environmental indicator, several supply risk indicators and methodological choices for measuring the indicator 
were identified.  Methodological choices included decisions such as to normalise and aggregate supply risk 
indicators into a single score.  A workshop with the industry consortium was consequently carried out to 
explore and agree: (1) what indicators should be selected to appropriately measure A2R, and (2) how the 
selected indicators should be measured.  Out of 18 potential supply risk indicators, five were identified as key: 
conflict material risk, environmental country risk, price volatility risk, sourcing and geopolitical risk, and 
monopoly of supply risk were selected because of clear links to legislation, use of reliable data, and effect on 
material prices. Regarding methodological choices for measuring A2R, the industry consortium preferred to 
avoid normalising and aggregating indicators to prevent masking information.  
The dissertation highlights several major contributions to knowledge, industry, policy, and the development of 
standards as a result of the research. The main contribution to knowledge is the methods developed and the 
learnings derived from the process undertaken to determine them. The main contribution and benefit to the 
ADS industries are single, practical, research informed, and industry consortium agreed methods for cost-
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effectively measuring two product-based environmental indicators (which support the informational 
requirements of a wide range of stakeholders and potential end-uses). The examined indicators and the  'case 
study’ approach utilised with an industry consortium to identify the generic issues in developing suitable 
methods will be of value for: (1) other industries with similar product/value chain characteristics, and (2) the 
development of methods for measuring other product-based environmental indicators for industry use (e.g. 
water, waste, recyclability, etc.). Presented research outcomes provide valuable industry insights for informing 
the development of emerging product-orientated environmental policies and standards in a manner which 
benefit the ADS industries and broader environment. Overall, the research has enhanced academic 
understanding and provides industry capability to support businesses and other similar industries to 
consistently assess, report, and improve the sustainability of their products and supply chains.  
 
Reader’s guide 
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Guide for readers   
 
Research related to developing methods for measuring the indicators were carried out as a series of research 
tasks that were subsequently written up into research reports. Reports were sent to the industry consortium for 
their information, review, or research input as the project progressed. As such, in parts, this thesis is mainly 
structured in the format of referencing or summarising the key findings of a large portfolio of research reports 
for readability. Full list of research reports sent to the industry consortium can be found in the appendices 
(contained in Volume 2). Volume 3 contains progress reports that had to be submitted every six months 
throughout the research and included within this portfolio as a requirement of the EngD programme.
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Executive summary  
Background  
Environmental issues are becoming increasingly important for the Aerospace, Defence, Space and Security 
(ADS) industries, and requests from government, customers, and others for environmental information about 
ADS products are becoming widespread. Products from these industries are diverse and capital intensive, and 
range from complete aircraft, defence equipment, and the manufacture of systems, to sub-systems and 
components.  Presently, requests for product-based environmental information within the ADS industries vary 
in their format and scope, and responses to these vary significantly in their methods of compilation. This lack 
of consistency reduces the industry's ability to cost-effectively optimise their products for the environmental 
aspect of sustainability, reduce business risks, and meet the informational requirements of various 
stakeholders.  To help address this need,  the ADS  working group on ‘Design for Environment (DfE)’ 
identified a set of six product-based environmental indicators as forming a useful core of environmental 
information: energy consumption, water consumption, waste production, hazardous substance use, 
recyclability potential, and access to resources. In order to address the issue of consistency within the industry, 
it was recognized that agreed methodologies for measuring the set of indicators would need to be developed. 
The overall goal of the EngD research project, therefore, was to complete the development of methodologies 
for measuring two pre-selected product-based environmental indicators for use within the ADS industries, and 
test if they are fit for purpose: (1) energy consumption and (2) access to resources product-based 
environmental indicators. These two contrasting indicators were selected to understand the potential 
challenges and reporting burden of measuring quantitative and qualitative indicators by the ADS supply chain. 
To ensure indicators were fit for industry use, the EngD was based in industry and supported by an industry 
consortium comprised of ADS Group, Airbus Group, BAE Systems, Bombardier Aerospace, Granta Design, 
and Rolls-Royce. The industry consortium acted as industry representatives, stakeholders benefiting from the 
research, and as the key informant group for providing research data and testing methods. 
 
Research aim and objectives 
The overall aim of the research was to:  
“Develop appropriate methods for measuring two pre-selected product-based environmental indicators 
for use within the ADS industries, and test the methodologies for their data collation.” 
 
The specific research objectives set to help to meet this aim were: 
1. Understand and define the motivations of the stakeholders for the development of 
industry product-based environmental indicators, and potential end-applications.  
2. Define industry criteria for development of methods for the measurement of indicators  
3. Develop a single industry method for measuring the “energy consumption (EC)” 
product-based environmental indicator  
4. Develop a single industry method for measuring the “access to resources (A2R)” 
product-based environmental indicator 
 
Executive summary 
viii 
 
Research objectives 1 and 2 emerged from the initial literature review and aimed to ascertain the industry 
context for the use of indicators and requirements for the development of measurement methods. Objectives 3 
and 4 subsequently incorporated these outcomes to meet the main research goal of establishing methods for 
measuring the “energy consumption” and “access to resources” product-based environmental indicators. 
Proposed methods measuring for the energy consumption product-based environmental indicator were tested 
for data collection on three case study parts selected by Airbus Group, Bombardier Aerospace, and Rolls-
Royce. The method established for measuring the access to resource product-based environmental indicator 
was not tested on case study parts as the process for data collection was the same and drew on global 
databases rather than requiring primary data collection from manufacturing sites. 
Research methodology:  
Overall, an action research approach was taken as it fitted the industrial context and collaborative nature of the 
EngD research project. Figure below illustrates the generic action research cycle developed and applied within 
the context of the EngD research, whereby input and/or agreement into the planning and implementation of 
each stage was sought from the EngD research/industry consortium. This arrangement ensured stakeholders’ 
views and requirements were incorporated or captured in research activities. Further details regarding 
justification and use of research methods are given in Chapter 2.    
 
 
Action research cycle model developed and adopted for the EngD project’s context 
 
Key findings and contributions to knowledge 
Tables on the following pages give key findings and contributions to knowledge per research objective. 
Overall, methods for measuring the “energy consumption” and “access to resources” product-based 
environmental indicators have been established as a result of the research. The main contribution to 
knowledge is the methods developed and the learnings derived from the process undertaken to determine 
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them. The impact and benefits to the ADS industries, academic literature, and policy making is the availability 
of practical and research informed methods for cost-effectively measuring two product-based environmental 
indicators which support the informational requirements of a wide range of stakeholders and potential end-
uses.  
 
The examined indicators and the  'case study’ approach utilised with an industry consortium to identify the 
generic issues in developing suitable methods will be of value for: (1) other industries with similar 
product/value chain characteristics, and (2) the development of methods for measuring other product-based 
environmental indicators for industry use (e.g. water, waste, recyclability, etc.).  Overall, findings presented in 
this thesis will support businesses and other similar industries (e.g. automotive and rail) to consistently assess, 
understand, report, and improve the sustainability of their products and supply chains. The research outcomes 
also provide valuable industry insights for informing the development of emerging product-orientated 
environmental policies and standards in a manner which benefit the ADS industries and broader environment. 
 
Research objective 1: “Understand and define the motivations of the stakeholders for the development of industry 
product-based environmental indicators, and potential end-applications” 
Key Findings Contributions to knowledge 
1. Key drivers are demonstrating corporate social 
responsibility (CSR) and potential policies/ 
legislations emerging for reporting product level 
environmental information, but standardization 
was seen overall as the underlying driver for 
reducing reporting burden and the proliferation of 
inconsistent and incomparable product-based 
environmental information  
2. Several potential end applications/uses for 
product-based environmental indicators within the 
ADS industries were identified, including: eco-
design, EPDs/PEFs, reporting to regulators, 
managing business risks and production resource 
efficiency  
3. Regulators, customers, OEMs, and suppliers were 
identified as  key stakeholders to potentially 
engage and satisfy for the development of suitable 
methods 
1. ADS industry specific drivers, potential end 
applications, and stakeholders for the development and 
use of product-based environmental indicators  
 
 
Research objective 2: “Define industry criteria for development of methods for the measurement of indicators” 
Key Findings Contributions to knowledge 
1. Data availability, practicality/ease of 
implementation, and ability to support multiple 
uses/benefits to businesses are the most important 
criteria in the development of suitable methods 
1. Industry consortium agreed requirements for the 
development of suitable methods for reporting product-
based environmental information within specifically 
the ADS industries, for both selected indicators and 
other future indicators 
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Research objective 3: “Develop a single industry method for measuring the “energy consumption (EC)” product-
based environmental indicator” 
Key Findings Contributions to knowledge 
1. Four main methods discovered for calculating the 
manufacturing energy footprint of parts from the 
literature review and stakeholder engagement 
research: (1) direct measurement; (2) theoretical 
calculation; (3) facility level allocation based on 
annual production hours, quantity, or weight of 
products manufactured, and (4) approximation based 
on generic data. These methods were found to be 
currently stacked and used interchangeably in the 
academic literature and industry practice (e.g. in 
LCA’s and EPD’s). However, no previous research 
had been carried out to explore comparability and 
test suitability of methods for reporting the 
manufacturing energy footprint of complex products 
with global supply chains.  
 
 
 
1. Methods are not interchangeable or comparable. The 
maximum observed difference between the pair-wise 
comparisons of the methods based on the use of site 
specific/primary data was found to be a factor of 10 
(i.e. an error in the order of one magnitude) when 
applied to calculate the manufacturing energy 
footprint of the same part 
2. First empirical and practical comparison of methods 
for cost-effectively calculating the manufacturing 
energy footprints of products 
3. Method 3, production hours, found to be the most 
practical single industry method for immediately 
reporting the manufacturing energy footprint of 
aerospace products as it is based on widely available 
industry data  
4. Method 1, direct measurement, is too costly and 
impractical for industry wide roll-out as a reporting 
standard and thus unsuitable 
5. Generic/secondary energy data is potentially 
comparable with direct energy measurement (i.e. site 
specific/primary data): a high comparability between 
direct measurement (i.e. specific/primary data) and 
generic/secondary data use for calculating machining 
energy consumption was found. Generic data 
therefore offers a potentially more cost-effective but 
similarly accurate option in comparison to direct 
measurement (i.e. Method 1). 
6. Current standards and developing EU policies for the 
declaration of life-cycle based environmental 
information proliferate incomparability rather than 
engender comparability (e.g. EU PEFs and EPDs): 
they suggest/allow for the use of multiple methods 
and, therefore, may proliferate the declaration of 
incomparable information rather than engender 
comparability. 
 
 
Research objective 4: “Develop a single industry method for measuring the “access to resources (A2R)” product-
based environmental indicator” 
Key Findings Contributions to knowledge 
1. 18 supply risk indicators could be used to assess 
material supply risks alongside the need to make 
several methodological choices related to 
aggregation and normalization of data (discovered 
from the literature review) 
 
1. Consolidated industry input and agreed methodology 
for measuring the access to resources indicator for 
specifically the ADS industries 
2. Industry consortium agreed set of supply risk 
indicators which embody assessing access to resources 
from an aerospace manufacturers’ perspective 
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Chapter 1: Introduction-main aim and objectives   
“If you can’t measure it, you can’t manage it” is a common business management adage. Within the 
aerospace, defence, space, and security (ADS) industries, there is a growing interest in understanding, 
measuring, evaluating, and reducing the environmental impacts of products and related risks to business. As 
business and environmental impacts centre on the management of products across the whole life-cycle, 
product-level environmental information can provide greater insight into understanding the environmental 
aspect of product sustainability. Consequently, requests from governments, customers, OEMs, and other 
interested stakeholders, for environmental information about ADS products are becoming widespread.  
However, these requests significantly vary in their format and scope. This lack of consistency limits the 
industry's ability to cost-effectively optimise their products for the environmental aspect of sustainability, 
reduce business risks, and meet the informational requirements of various stakeholders.  
 
In an attempt to standardise the exchange of this type of information, the ADS industries trade association’s 
“Design for Environment(DfE)” working group established a set of six product-based environmental 
indicators identified as forming a useful core of environmental information (See Figure 1.1). Industry position 
papers describing the indicators and industry rationale for selection can be found in appendices A-F. 
However, to ensure consistency, agreed methodologies for measuring these indicators was required. The 
EngD project continued the work of the ADS DfE WG and aimed to:  
“Develop appropriate methods for measuring two pre-selected product-based environmental indicators for 
use within the ADS industries, and test the methodologies for their data collation.” 
 
Figure 1.1: Elicited set of product based environmental indicators proposed by the ADS DfE WG for the ADS industries following a series of 
expert group meetings, workshops, and industry observations 
Within the literature it is commonly understood that indicators need to be “fit for purpose” if they are to be 
successfully implemented and inform decisions (e.g. Clift, 2003). At the outset of the project there was a 
general sense of what the indicators might be used for and by whom. However, to develop appropriate 
indicator measurement methods, further work was required to explore and ascertain the context and use of 
product-based environmental information. This dissertation presents the outcomes of the research designed to 
establish the broad requirements for developing the indicator measurement methods, and the subsequent 
incorporation of these requirements in proposing methods for measuring the "energy consumption" and 
“access to resources” indicators.  
Thus the project focused on achieving four objectives: 
1. Research objective 1: Understand and define the motivations of the stakeholders for the 
development of industry product-based environmental indicators, and potential end-
applications.  
2. Research objective 2: Identify and define the industry criteria for the measurement of 
the indicators  
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3. Research objective 3: Develop and select a single industry method for measuring the 
“energy consumption (EC)” product-based environmental indicator  
4. Research objective 4: Develop and select a single industry method for measuring the 
“access to resources (A2R)” product-based environmental indicator 
 
Justification and how these research objectives emerged from the literature review and industry 
engagement (including rationale for indicator selection) is described later in the thesis. 
 
1.1. Project background: ADS Group, funding companies, and industry consortium  
Figure 1.2 illustrates the structure of the partners in the project. The EngD was a collaborative industry 
academic research project between the University of Surrey and the following aerospace companies: ADS 
Group, Airbus Group, BAE Systems, Bombardier Aerospace, Granta Design, and Rolls-Royce. ADS Group 
hosted the research project and are the leading trade association for advancing UK Aviation, Defence, 
Security and Space Industries globally. They cover all aspects of the ADS supply chain, and have around 900 
members.  
 
Like most trade organisations, the various issues that affect the industry were managed by topic specific 
working groups, whereby organisations affected, or interested in the topic, can send a representative to ensure 
that their perspective is included in any resulting outputs. The Design for Environment (DfE) working group 
(WG) broadly cover issues that fall within the topic of the environmental impact and sustainability of 
products. Since 2010, the ADS DfE WG had been developing industry product-based environmental metrics 
for use within the ADS industries. Through a series of meetings, workshops, and industry observations, a set 
of six product-based environmental indicators were established (See introduction for indicator set). It later 
became clear that a more dedicated resource was required to further the DfE WG’s work and complete the 
development of methodologies for measuring the established set of indicators. A research project was thus 
initiated in collaboration with the University of Surrey, to appoint a Research Engineer to work on the 
problem full-time and complete, test, and refine methods (incorporating industry and stakeholders’ 
requirements) for measuring selected product-based environmental indicators.  
 
Collectively, the project and sponsoring partners formed the “industry consortium” and acted as the project 
board and key informant group for providing input and guidance throughout the research. 
 
Figure 1.2: Arrangement of the EngD project 
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1.2 Current status of environmental sustainability within the ADS industries  
This section presents the initial literature review describing current status of environmental sustainability 
within the ADS industries and identification of the gap predicating the research.  
An “ADS company” company can be defined as an “entity principally engaged in carrying out the design, 
development, manufacture, or support of aerospace, defence, space, security aerospace original equipment, 
systems, or structures and includes any "Major Supplier" to such entity” (from adapting IAEG (2014) 
definition of an “aerospace company”). Products from these industries are diverse and capital intensive, but 
include complete aircraft, engines, defence equipment, and the manufacture of systems, sub-systems and 
components. This section focuses on aircraft as it is the most widely supported and discussed “product” within 
the ADS industries.   
Environmental activities across the whole life cycle of aircraft are presented and discussed under the 
following headings: (1) raw material extraction and processing, and product manufacturing, (2) use (including 
maintenance, repair, and overhaul), (3) end of life disposal, and (4) complete life cycle view. Please note raw 
material extraction and processing, and product manufacturing are grouped under one heading as this was the 
structure used by most of the reviewed manufacturing companies, although in some cases this maybe split out.   
Raw material extraction, processing, and product manufacturing 
A review of sustainability related literature published by world leading aircraft manufacturers and suppliers 
(i.e. Boeing, Airbus Group, Bombardier, BAE Systems, Lockheed Martin, Pratt and Whitney, Embraer, Rolls-
Royce) found that: 
• All aim to optimise the use of resources (i.e. water, energy, materials, or waste) to reduce costs and 
subsequently environmental impacts 
• Product Design for the Environment (DfE), or similar, is carried out from mainly a “risk 
management” perspective to highlight compliance issues, risks to human health and the environment, 
besides opportunities to reduce impacts and costs, and provides the rationale for why they do DfE 
• All have some type of “in-house” developed “supplier code of ethics and conduct”, usually involving 
an element of meeting the company’s broader “environmental vision” and demands 
• All have some form of policy in place to demonstrate continuous environmental improvement in 
facilities but this focus is now shifting towards taking a complete life cycle perspective (e.g. ISO 
14001: 2015) 
• All mention or imply that demand and competition for key natural resources will increase in the 
future 
• Many report year-on-year improvements in the resource efficiency of their business and associated 
reduction in environmental impact 
• Many mention identifying or phasing out “materials of concern”, such as the use of conflict minerals 
and hazardous substances as important to maintaining business continuity  
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Use (including maintenance, repair, and overhaul) 
In the last 40 year’s the aviation industry has cut fuel burn and CO2 emissions by 70%, NOx emissions by 
90% and noise by 75% (Airbus, 2014). However, between 80-99% of the whole life cycle environmental 
impact of aircraft is attributable to the “use phase” from the fuel burn process (Lopes, 2010), accounting for 
almost the whole life CO2 emissions. Although air transport’s contribution to global climate change represents 
2% of man-made CO2 emissions (ATAG, 2009), policy and public pressure to mitigate use-phase impacts 
persists (e.g. Aviation Benefit, 2014). Two main efforts to reduce use-phase emissions within the industry are 
notable:    
(1) Improving engine efficiency: generally, the greater the engine efficiency, the lower the 
engine emissions and operating cost of an aircraft (though there are trade-offs between 
Nitrogen Oxide and Carbon Dioxide Emissions, and noise as engine efficiency improves). 
Consequently, reducing fuel burn through improving engine efficiency, reducing weight, and 
using alternative flight paths, has been a key business driver, market requirement, and R&D 
activity within the sector (ACARE, 2014). 
(2) Use of bio-fuels: is a low carbon fuel alternative to kerosene, though widespread use 
within the industry is low (ATAG, 2014). The use of bio-fuels has the potential to provide an 
80% reduction in whole life cycle CO2 emissions (ATAG,2009), though there are some 
unresolved questions concerning the sustainability implications of deviating the use of land 
and other environmental resources from growing food to growing bio-fuels (e.g. Pimental et 
al, 2008).  
End of life disposal 
Over the last 10 years, interest in reducing the environmental impact of the end-of-life disposal of aircraft has 
increased. Recycling aircraft at the end of their life has several benefits to the industry, which include: 
recovery of critical materials, reduced manufacturing costs, material security, reduced disposal costs, 
additional revenue from the scrap market, and reduced environmental footprint (Aviation benefits, 2014).    
The number of aircrafts reaching retirement (or expected to be replaced) is predicted to increase year-on-year 
in line with increasing global demand for air transportation (Airbus 2014, AFRA 2014). According to 
available data, 12-14,000 aircraft will be retired or withdrawn from service within the next 20 years (Airbus, 
2014; AFRA, 2014.). This presents several risks (i.e. health and safety with handling materials and misleading 
claims) and opportunities for the industry (i.e. development of technologies and markets for end-of life 
management) (TeamSAI, 2014). 
Airbus’ PAMELA (Process for the Advanced Management of End-of-Life Aircraft) project was the first 
major industry initiative to develop environmental standards for end-of-life processes, providing guidance on:  
storage, disassembly, dismantling, recycling of materials and the management of potentially hazardous waste 
(Airbus, 2014). Separately, AFRA (Aircraft Fleet Recycling Association) was established in 2006 to 
“globally” advance environmentally responsible management of aircraft at the end of their life. AFRA 
developed best management practice (BMP) guides for dismantling and recycling aircraft, and provided an 
accreditation programme for members to demonstrate compliance to the BMP guides (AFRA, 2014). The 
impact of these two programmes are not widely reported in the academic and industry literature but is likely 
to include the recovery and retention of valuable materials within the product chain and self-regulation for the 
management and recycling of aircraft.  
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Complete life cycle view 
Life Cycle Analysis (LCA) is being increasingly used to comprehensively evaluate the whole-life 
environmental impacts of aircraft. There are two main on-going industry activities aiming to standardise the 
use of LCA. One primarily aims to standardise the use of LCA for in-house eco-design, whilst the other aims 
to standardise LCA for external communications (described below).  
• LCA for internal use: Clean Sky 1 Project.  “Clean Sky 1” is an Aeronautical research programme 
between the EU Commission and industry. There are several research work packages (WP) within the 
programme investigating various environmental themes. “Eco-Design” WP aims to develop a 
streamlined LCA methodology for calculating “Eco-Design Labels” and/or “Eco-Statements” for 
quantifying the whole life environmental impacts of aircraft, including a supporting industry LCA 
database.  
• LCA for external use: Bombardier Aerospace’s proposal of a Product Category Rule (PCR) for 
“Passenger Commercial Aeroplanes”. PCRs set out agreed LCA rules for making Environmental 
Product Declarations (EPDs) for specific products. The overall aim of any EPD is to provide relevant, 
verified, and comparable information about the environmental impact of goods and services 
(Environdec, 2014). Bombardier Aerospace is aiming to develop an industry agreed PCR for 
commercial passenger aircraft.  
The EngD research differs from the above two LCA based programmes in several ways. The above LCA 
programmes aim to standardise how LCAs are carried out and reported. The EngD, however, focuses on 
developing methods for measuring a set of product-based environmental indicators rather than proposing an 
LCA methodology per se. However, the use of industry agreed methods developed in this research may feed 
into and support the choice of methods for the collection of primary life cycle inventory (LCI) information 
from manufacturers (e.g. energy, water, waste, material use, etc.) for consistent and comparable LCA studies 
and EPDs. Additionally, traditional LCAs are not aligned with business decisions and the capability of 
companies to collect and carryout practical assessments for identifying environmental hotspots, risks, and 
opportunities for cost reduction. The EngD differs by approaching these issues from a business value add 
perspective by incorporating the requirements of the ADS industry as well as the broader environmental 
requirement to reduce impact. Although not an LCA project, learnings from LCA practice and literature were 
drawn on throughout the EngD to inform the development of methods.    
1.1 Key lessons and further research questions  
Key points ascertained from the literature review which support the development and use of product-based 
environmental indicators within the ADS industries include: 
• Demand and interest for product-based environment information appears to be increasing but there 
appears to be no dominant method(s) emerging for providing this information within the ADS 
industries.  
• All reviewed OEMs have “in-house” approaches for managing their products for the environment and 
their business. However, the use of different methods for measuring product-level environmental 
indicators is likely escalating the declaration of inconsistent and incomparable product-based 
environmental data within the ADS industries. 
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• A total life cycle view to product management, e.g. via LCA/eco-design, is increasingly being used by 
OEMs and suppliers to identify opportunities to reduce their environmental impacts, risks, and costs  
• There is increasing industry level activity on standardising the use of LCA for: (a) eco-design, and (b) 
making external environmental declarations. However, there is no consistent approach for the 
collection of LCI information from suppliers.  
• Mitigating use-phase impacts appears to be the dominating business and environmental focus, though 
non-use phase life cycle stages are increasingly gaining attention as risks to mitigate and opportunities 
to exploit (e.g. end-of life recycling). However, there is no consistent approach for the declaration of 
non-use phase environmental information at the product level across the ADS value chain.   
The use of life cycle approaches may involve the collection of “product-based” data from “in-house” and 
“external” manufacturing facilities. Indeed, many OEMs and suppliers engage their supply chain to 
understand and reduce their upstream environmental impacts. However, the actual motivations and details 
pertaining to this were not published and so highlighted a gap in the extant literature (i.e. methodological 
calculations, scope and boundary of the assessments, types of data used, engagement strategies, etc.). 
Additionally, no previous research had been carried out to understand and define the process for the 
development of suitable methods for measuring the selected indicators. There was also a need to better 
understand industry drivers to frame the research and identify existing methods utilised which could be 
directly used/amended to meet the research objectives. The resulting research questions identified from the 
initial literature review to progress the project were as follows:  
 
• What is the academic thinking on the use and development of indicators, and recommendations for 
the development of product-based environmental indicators for use within the ADS industries? 
• What are the industry drivers and approaches used by companies within the ADS industries for 
measuring the selected product-based environmental indicators? 
Results of the research investigating the above initial research questions can be found in Section 3.  
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Chapter 2: Research methodology 
Numerous philosophical perspectives and approaches to carrying out research are possible (e.g. Holden and 
Lynch, 2004). The selection of research paradigms, methodologies, and methods is dependent on the posed 
research question and context (e.g. Blaikie, 2010; Creswell, 2003). The EngD project’s context can be 
described as a “group of people/organisations” aiming to develop an agreed methodology for measuring a set 
of product-based environmental indicators to improve the communication of environmental data along the 
value chain.  
 
This dissertation adopts the constructivist/interpretivist research paradigm as the project is socially orientated 
(i.e. it engages or observes a group of people/organisations) and aims to improve practice and approach of 
those involved and makes use of qualitative and quantitative methods. Subsequently, the “action research” 
methodology- also known as Participatory Action Research (PAR), community-based study, co-operative 
enquiry, action science, grounded action research, and action learning (Lingard et al, 2008; Koshy et al, 
2011)- was found to be the most practical and relevant research methodology fitting the context of a “real 
world problem” and nature of taking a knowledge-based, participative, and democratic approach to meeting 
the objectives of the research. Further details about what is action research and general approach followed to 
meet the objectives of the research project are described in section 2.2. Other research methodologies such  as 
descriptive, evaluation, etc., were investigated but rejected as they did not fit the context of this research  to 
work with a group of people/organisations to develop common and agreed methods to improve industry 
practice. As the research is socially orientated and aims to initially understand the research problem via 
qualitative enquiry, a variety of social research methods were utilized to explore various research themes and 
direct the research (i.e. interviews, focus groups, group meetings, industry observations, and questionnaire 
surveys, as required). Positivism/Postpostivism was considered as an alternative research paradigm, but 
rejected on the grounds that the EngD project does not aim to test a scientific theory based on observation and 
measurement, or largely make use of quantitative methods of data collection and analysis.  
 
2.1 What is action research  
Action Research is a methodological approach for understanding or solving an identified issue within a “real 
world social context”. It aims to improve the situation that is being researched, or produce outcomes that lead 
to change within the studied situation, through carrying out cycles of research involving "planning action", 
"taking action", and "evaluating action", which is then repeated as required (McNiff and Whitehead, 2005; 
Koshy et al, 2011 ) . Figure 2.1 highlights the three basic steps of carrying out action research as originally 
developed by Kurt Lewin in the mid-1940s.  
 
Figure 2.1: Basic action research cycle 
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Action research provides a systematic strategy for “discovery” (e.g. Fielding and Thomas, 2001) and 
generating knowledge and greater understanding about the studied context/problem (e.g. Hart and Bond, 
1995). The approach also exhorts ensuring a participative and democratic process is maintained to produce 
knowledge that is “useful to people” (e.g. Reason and Bradbury, 2008). 
 
Action research is not a single discipline and as such many variations have been developed based on the 
purpose of the study (See Koshy et al, 2011, for variants), but generally it involves the following:  
• Identifying the problem and research enquiry to be investigated: The stage may include carrying 
out reconnaissance work in the form of literature reviews and engagement with stakeholders for 
forming the problem statement. 
• Develop a plan of action: Specifically, the stage aims to identify the type of data needed to 
understand the research problem and how that data will be collected.   
• Collect data: As the project is socially situated, the use of qualitative research methods, such as 
interviews, surveys, focus group, and/or observations are typically utilised to generate data for 
analysis and understanding the research problem.  
• Analyse data and form conclusions:  Data are examined from the perspective of how sufficient it is 
with regards to answering the research enquiry. Questions such as what has been learnt, what are the 
typical attitudes, if the results were expected, etc., are asked. This stage may also highlight the need to 
revise the data collection process until questions in the research plan are sufficiently answered or 
conclusions can be properly formed.  
• Report and share results: this stage focuses on reporting and sharing results to confirm conclusions, 
obtaining additional insights, and/or agreeing future actions or new research questions to investigate.  
• Modify theory and repeat based on findings: This may lead to the identification of other problems 
or research questions requiring investigation and lead to starting another plan of actions, data 
collection, and analysis. The insights gained from the initial cycle feed into the planning of the second 
cycle, for which the action plan is modified and the research process repeated (Riding et al, 1995).  
Figure 2.2 illustrates the stages of completing an action research cycle and how findings from one action 
research cycle can feed into the planning and provide the basis for the next.  
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Figure 2.2: Action research cycle highlighting how findings from one action research cycle inform the next cycle of action research (Adapted 
source: Koshy et al, 2011) 
In practice, however, action research cycles are typically modified to reflect the context, objectives, and 
questions of the research (e.g. Popplewell and Hayman, 2012).  
2.2. Generic action research cycle developed and adopted for the EngD project 
Figure 2.3 illustrates the generic action research cycle developed and applied within the context of the EngD 
research, whereby input and/or agreement into the planning and implementation of each stage is sought from 
the EngD consortium. This arrangement ensures stakeholders’ views and requirements are incorporated or 
captured in research activities.  
 
 
Figure 2.3: Action research cycle model developed and adopted for the EngD project’s context 
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The subsequent sections detail the amended action research cycles implemented to meet the four research 
objectives covered in this dissertation. Key findings from each action research cycle and significance to 
advancing the EngD project are also described.   
 
2.3. Role of researcher, industry consortium, and limitations of the research 
Within the project, the researcher worked closely and collaboratively within an industry consortium acting as 
representatives of the wider ADS industries and stakeholders benefiting from the research. As per the action 
research cycle illustrated in Figure 2.3, the industry consortium was engaged at various stages for research 
input and agreement. The researcher designed and implemented the research, carried out analyses, shared 
findings, and gave recommendations for further work to the industry consortium. The industry consortium 
acted as the key informant group and source of information for various data collection and research activities 
(i.e. interview, surveys, site visits, industry observations, and testing implementation of any developed 
method).  They also provided advisory input into the formulation of research plans and setting of research 
objectives. In some cases, the wider environmental and engineering teams of sponsoring companies were 
engaged for various research tasks and data collection. Overall, the industry consortium was primarily 
engaged in the capacity of mainly supporting data collection and advice rather than controlling and directing 
the research.  
Although the consortium comprised of six industry partners (i.e. ADS Group, Airbus Group, BAE Systems, 
Bombardier Aerospace, Granta Design, and Rolls-Royce), collectively the group was considered to hold a 
majority market share in the aerospace and defence manufacturing industry alongside managing supply chains 
representative of the complete ADS value chain with facilities ranging in size from SME to large global 
companies. Table 2.1 provides and overview of the funding companies’ business activities and numbers 
employed.  
Table 2.1: Overview of EngD Research Sponsoring Companies 
ADS Industry Sponsors  
BAE Systems Bombardier Airbus Group Rolls-Royce Granta Design 
BAE Systems is a global 
defence, aerospace and 
security company with 
approximately 88,200 
employees worldwide. The 
Group delivers a wide range 
of products and services for 
air, land and naval forces, as 
well as advanced 
electronics, security, 
information technology 
solutions and support 
services. Further 
information about BAE 
Systems can be found 
through the following link:  
http://www.baesystems.com/
home?_afrLoop=289287849
665000 
 
Bombardier is the only 
global manufacturer of both 
planes and trains employing 
approximately 71,700 
employees worldwide, with 
approximately 35,500 
serving the Aerospace 
portion of the business. 
Regarding Aerospace, the 
company specializes in the 
design and manufacture of 
aviation products for 
business, commercial, 
specialized, and amphibious 
aircraft markets, as well as 
providing support services. 
Further information about 
Bombardier can be found 
through the following link: 
http://www.bombardier.com
/en/home.html 
The Airbus Group is a 
global leader in aerospace, 
defence and related services, 
employing around 133,000 
people at more than 170 
sites worldwide. Airbus 
Group includes Airbus 
which manufacturer globally 
commercial and military 
aircraft, whereby Airbus 
Military covers tankers, 
transport and mission 
aircrafts. Other companies 
under the umbrella of Airbus 
Group include ASTRIUM, 
CASSIDIAN, and 
EUROCOPTER. Further 
information about Airbus 
Group can be found through 
the following link: 
http://www.eads.com/eads/i
nt/en.html 
Rolls-Royce is a global 
power systems provider, 
designing, manufacturing 
and supporting a range of 
products and support 
services for air, sea and land 
applications with 
approximately 50,000 
people employed 
worldwide. The company 
specializes in manufacturing 
gas turbine technologies for 
a number of aero, marine, 
and industrial applications, 
and is one of the world’s 
largest makers of aircraft 
engines. Further information 
about Rolls-Royce can be 
found through the following 
link: http://www.rolls-
royce.com/ 
Granta Design are global 
experts in materials 
information technology, 
specializing in offering 
software tools, materials 
data, and materials database 
solutions for engineering 
enterprises, and employ  
approximately 200 people 
worldwide. Granta Design 
also provide and support 
materials education at over 
800 academic institutions 
globally, besides 
collaborating with industry 
and academia as research 
partners via participation in 
European Framework 
Projects, and other 
collaborative projects. 
Further information about 
Granta Design can be found 
through the following link: 
http://www.grantadesign.co
m/ 
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Delegates representing the funding companies sat on the industry consortium board and also acted as 
industrial supervisors within the EngD project. Whilst all delegates were involved in product sustainability 
and design for the environment in some capacity as part of their job, the technical expertise, skills, 
qualifications, experience, and personal/company attitude towards the topic varied from delegate to delegate. 
This natural variation raises possible questions about the trustworthiness and repeatability of the research. To 
overcome the potential limitations and bias of a small sample size, research findings were externally shared 
with the wider industry at several industry working group meetings, events, and industry conferences at 
various stages to validate research conclusions and outcomes. Feedback from these external engagements 
generally corroborated with the views and feedback collected from the industry consortium and was therefore 
considered to validate findings and the robustness of conclusions drawn for informing potential future 
research.  
Although the researcher aimed to follow and engender a knowledge, evidence, and research led approach, it is 
possible the researcher’s bias could have inadvertently affected any phase of the research project (e.g. 
confirmation, cultural, question-order, or wording bias). Some of these biases are difficult to ignore and could 
have been heavily influenced as the researcher was based in industry and spent differing amounts of times at 
sponsoring companies’ sites/organisations to carry out research. Having visibility and awareness of these 
biases, alongside regular check meetings with academics supervisors, helped to mitigate research bias and 
ensure research validity. Although the small sample size of companies and potential biases of individuals are 
difficult to ignore, the consortium and delegates were considered to provide the sufficient depth and breadth 
required for practically addressing the research objectives and representing the wider aerospace and defence 
manufacturing industry.  
 
2.4. Literature review methodology 
This section describes the general approach taken to carry out literature reviews within the EngD research. 
Given the industry context of the research, practical and focused literature reviews were carried out to the 
detail and breadth required to ascertain general academic thinking and identify further research required to 
meet the research objectives within the project time frame.  A wide range of literature sources were consulted 
to carry out the literature reviews using key search terms related to the research objectives. Literature sources 
included books and chapters, published peer reviewed journal articles and databases, conference papers, 
research reports, standards, professional and organization based literature, industry magazine articles, blogs, 
and other official governmental publications.  Additionally, the EngD consortium and ADS DfE WG was also 
engaged throughout the project to guide selection of literature sources to inform the literature reviews and 
overall research. All literature reviews and subsequent key learning and recommendations for further research 
were shared and agreed in project progress review meetings with the EngD consortium.  
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Chapter 3: Industry motivations, intended uses, key 
stakeholders, and requirements for the development of 
product-based environment indicators 
This chapter presents the literature review carried out to understand the general use of sustainability indicators 
and recommended processes for developing methods to measure them. The subsequent stakeholder 
engagement research carried to ascertain industry motivations and requirements for the development of 
methods is also presented and discussed. 
3.1 Use and development of sustainability indicators  
Academic thinking on the use and purpose of sustainability indicators was explored for initially guiding the 
development of methods for measuring the ADS product-based environmental indicators. Guidance and 
suggested processes for developing suitable indicator methods were identified. The subsequent research 
objectives set following identification of gaps in the literature for meeting the goals of the research are 
presented and discussed.   
3.1.1 Use of sustainability indicators  
There are many definitions and interpretations of sustainable development within the literature (e.g. Kevern 
2011; Garetti and Taisch, 2011; Chong et al, 2009; Azapagic et al, 2004; Clift, 2003; Bossel, 1999; Allenby et 
al, 1998; WCED, 1987). However, despite the plethora of definitions, sustainable development is generally 
accepted as encompassing and optimising “three pillars of sustainability”: social, environmental, and 
economic. Figure 3.1 details the complex system of interdependent relationships between the three pillars and 
how these lead towards achieving sustainability. 
 
Figure 3.1: The three main spheres of sustainability (Adapted Source: Rodriguez et al, 2002) 
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Several definitions and described uses of Sustainability Indicators (SIs) can be found in the literature (e.g.  
Morse and Bell, 2011; Chan and Chan, 2004; Sikdar, 2003; Bossel, 1999; UN, 1995;). Generally, SIs are used 
as a “tool” for quantitatively measuring and assessing the state or performance of complex systems/decision 
contexts with regards to sustainability (e.g. Mitchell, 1996). For example, McLaren and Simonovic (1999) say 
that SIs are: “seen as an essential component in the overall assessment of progress towards sustainable 
development. They are useful for monitoring and measuring the state of the environment by considering a 
manageable number of variables or characteristics”. Others such as Moldan et al (1997) add SIs are also 
useful for: “alerting decision-makers to priority issues, guiding policy formulation, simplifying and improving 
communication and fostering a common understanding of key trends with a view to initiating necessary 
national action". Thus, SIs broadly provide useful information for decision making.  
 
Figure 3.2 details how an indicator may be used for measuring, monitoring, benchmarking, and reporting a 
selected environmental issue, whilst Figure 3.3 illustrates the use of multiple sustainability indicators for 
measuring a complex system.  
 
 
Figure 3.2: Modelling and use of a sustainability indicator 
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Figure 3.3: Use of sustainability indicators for measuring and assessing complex systems (Adapted Source: Bell and Morse, 2008) 
Indicators can be applied and measured at many different levels (Bell and Morse, 2008; Clift,2003, Feng et al, 
2009). For example, within a manufacturing organisation, Feng et al (2009) shows in Figure 3.4 how 
indicators can be applied at various levels for various purposes (See Figure 3.3). The EngD research, 
however, focuses on use of environmental indicators at the product level. 
 
 
Figure 3.4: Use of indicators at various levels within an organisation. (Feng et al, 2009) 
Within the context of the research, product-based environmental indicators measure and assess the 
environmental aspect of sustainability of a product. For example, they typically aim to provide environmental 
related information about embodied resource use and emissions, which may then be used to support several 
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internal and external purposes (or decision making contexts) along the supply chain. Table 3.1 provides a 
broad overview of typical internal and external uses of product-based environmental information and that the 
context and stakeholders involved with the use of indicators can vary significantly. 
 
Table 3.1: Audience and uses of product based environmental indicator information (Adapted Source: Bauman and Tillman, 2004) 
  Individual 
(i.e. Single product) 
Comparative 
(Multiple products)  
Internal Use 
Benchmark for future improvement  
(e.g. process) 
Compare alternative designs or 
formulations 
External Use 
Report environmental information to 
customer/public 
Compare competing products 
 
3.1.2 Developing indicators  
Developing indicators that are “fit for purpose” is commonly discussed and advised by indicator developers. 
For example, Clift (2003) advises that indicators need to be established on a sector-by-sector or even case-by-
case basis. Others, such as Olsthoorn et al (2000), add that they should be “workable” in the sense that the 
data required to implement them are readily available in practice. Bell and Morse (2008) espouse the need for 
indicators to be both purposeful and incorporating views of all stakeholders in their development to encourage 
uptake. Ensuring the outputs of indicators are linked to supporting decisions and applications which benefit 
the requirements of the broader environment, business, and stakeholders involved in their use is also often 
advised (e.g. Clift, 2003, Schwarz et al, 2002).  
Consequently, numerous views and sets of criteria for selecting and developing indicators are available in the 
literature (e.g. BSI, 2011; Brown, 2009; Niemeijer et al 2008; Schwarz et al, 2002; Guy and Kibert, 1998; 
United Nations, 1995). Bell and Morse (2003) point out that most sets of criteria for developing indicators 
stress that an indicator should be:  
 
• Specific (must clearly relate to outcomes); 
• Measurable (implies that it must be a quantitative indicator); 
• Usable (practical); 
• Sensitive (must readily change as circumstances change); 
• Available (it must be relatively straightforward to collect the necessary data for the indicator); and 
• Cost-effective (it should not be a very expensive task to access the necessary data) 
 
Although criteria for the selection/creation of indicators are relatively well established, others also stress 
exploring key questions about their development, application, and how they may be measured (e.g. Bell and 
Morse, 2003; Paris and Kates, 2003; Mitchel, 1996;). Such questions include:   
 
• Why are they selected? 
• What are they meant to help achieve? 
• What about the balance between the various dimensions of SD? 
• How are the indicators to be measured? 
• How are the indicators to be interpreted, and by whom? 
• How are the results to be communicated, to whom and for what purpose? and; 
• How are the indicators to be used? 
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3.1.3 Key lessons and further research questions  
The literature suggests that ascertaining the underlying rationale for the development of indicators, who will 
use them, and what they will be used for, will provide the necessary information for the development of 
effective indicators. However, there appears to be limited information on the implementation of SIs into 
business practice and real-world decisions (e.g. understanding the practicalities of data collection and utility 
of the indicator to a wide range of stakeholders).   
   
This dissertation identified there was a dearth of research on the motivations for the development of industry 
product-based environmental indicators, potential end-applications, and stakeholders for the use of product-
based environmental information within the ADS industries. The research thus explored the following issues 
with the industry consortium to inform the development of methods:   
 
• Why standardised industry product-based environmental indicators are sought (i.e. motivations) 
and what are the internal/external drivers? 
• Who will (or might) use the indicators and what is their relative importance (i.e. stakeholders)?   
• What will (or might) the indicators be used for (i.e. end-applications)? 
Based on the learnings from the literature review, the below research objectives were 
subsequently set:  
 
1. Research objective 1: Understand and define the motivations for the development of 
industry product-based environmental indicators, potential end-applications, and key 
stakeholders for the use of product-based environmental information 
2. Research objective 2: Identify and define the industry criteria for the measurement of 
the indicators  
The next sections describe the action research process undertaken to meet research objectives 1 and 2, 
including key results and subsequent group decisions for advancing the research  
3.2 Industry motivations, potential end-applications, and key stakeholders for the development 
and use of product-based environmental information  
3.2.1 Methodology 
Figure 3.5 illustrates the first action research cycle applied to explore and meet research objective 1. As 
highlighted in the literature review, meeting this objective was important for framing the context for the use 
and development and of suitable indicator measurement methods.  
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Figure 3.5: First action research cycle applied for exploring and meeting research objective 1- “motivations, potential end-applications, and 
stakeholders for the development and use of product-based environmental indicators” 
A copy of the semi-structured format used to carry out interviews and questionnaire surveys sent to the 
industry consortium to collect data (including method of analysis) can be found in Appendix G. Interview 
structure and questionnaire was developed following a process of reviewing literature on how to carryout 
stakeholder engagements, engaging the consortium to develop a plan of action, and designing questions which 
answered or provided further insights into the research enquiry. Overall, content analysis was carried out to 
identify patterns and gain insights. Collected data was coded (codes emerged from the raw qualitative data 
through repeated examination using inductive reasoning) and sorted into themes related to understanding the 
motivations, potential end-applications, and stakeholders to engage for the development and use of the 
product-based environmental indicators. Results were then presented to the EngD consortium to inform 
understanding, validate findings, and/or inform new research questions to explore. 
3.2.2 Key findings and decisions 
The key findings from the research related to objective 1 were as below. The potential implications of 
findings from the initial stakeholder research are discussed later and given in Section 3.4. Further detailed 
discussions, however, can be found in the report sent to the industry consortium (contained in Appendix G).  
• CSR, legislation, and standardisation are underlying drivers for the development of cost-effective 
product-based environmental indicators within the ADS industries 
• Standardisation was viewed as the most cost-effective method to collect and report product-based 
environmental data to potential regulators and other interested stakeholders 
• Majority of the respondents believed product-orientated environmental policy is likely to increase and 
evolve into legislation based on signals from other industries 
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• Several potential end applications/uses for product-based environmental indicators within the ADS 
industries were identified by the key informant group (See Figure 3.6).  
 
Figure 3.6: potential “end uses” product-based indicator information identified by the key informant group 
• Of the potential uses for the product based indicators, “risk management” was thought to be the most 
important area to support 
• Apart from “risk management”, there is no group agreement on the intended applications of product-
based environmental indicators : this raises several questions regarding the selection of methods for 
indicator evaluation as this is dependent on the intended application 
• Generic project stakeholder groups were identified and mapped in terms of interest and influence 
regarding the development and use of product-based environmental indicators. Figure 3.7 presents the 
averaged plot of stakeholders by key informants on the power-interest grid. Results show a wide 
range of potential users of product-based environmental indicators. 
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Figure 3.7: Representative stakeholder map with regards to the development and use of product-based environmental indicators within the 
ADS industries 
 
• Based on results shown in Figure 3.7, regulators, customers, OEMs, and suppliers were mapped by all 
respondents as key stakeholders to potentially engage for informing the development of suitable 
methods which satisfy their requirements for environmental information.  
Following presentation and discussion, the industry research consortium agreed findings and added the 
following comments:  
 
• All potential “end-applications” of product-based environmental indicators were facets of “risk 
management”, namely the management of reputational, compliance, and supply chain and business 
continuity risks 
• On the topic of developing methods to support either a “single application” or “multiple applications”, 
the group wanted to explore how a single methodology could support meeting multiple requirements 
• Identified stakeholders will use and manipulate the indicators as required for their purposes/decision 
workflows. The emphasis of the project was therefore on standardising the creation of product-based 
environmental information such that it can feed into supporting the data requirements of multiple uses  
• It would be wise to check findings with a larger sample size to ensure a wider set of views 
representative of the ADS industries are included. However, the group felt additional drivers or end-
uses were unlikely to be found in extending the sample size or provide greater insight at this stage. 
• The group agreed to move forward with developing methods that are agreeable to the industry 
consortium first. After that, the final methodology may be tested with a wider audience to ascertain if 
the developed methods are compatible with the ADS industries overall.  
3.3 Industry criteria for development of methods for the measurement of indicators   
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The following sections describe the action research process undertaken to meet research objective 2 of 
ascertaining stakeholders’ requirements for the development of methods, including key results and subsequent 
group decisions for advancing the research.  
3.3.1 Methodology 
There remained a need to further understand and elicit the industry requirements for developing the indicator 
measurement methods. Using the findings from the previous action research cycle, Figure 3.8 illustrates the 
second action research cycle applied to explore and meet research objective 2: “Identifying industry 
requirements for developing the indicator assessment methods”. The second action research cycle was 
designed to achieve this.   
  
Figure 3.8: Second action research cycle applied to meet research objective 2- “Industry requirements for developing the indicator assessment 
methods” 
To identify industry criteria for the development of indicators, a wide range of data sources were consulted 
and consolidated following planning research with the industry consortium. Overall, content analysis was 
carried out to identify patterns and gain insights. Collected data was coded (codes emerged from the raw 
qualitative data through repeated examination using inductive reasoning) and sorted into themes related to 
industry requirements. Following the action research process, results were then presented to the EngD 
consortium to inform understanding, validate findings, and/or inform new research questions to explore. 
3.3.2 Key findings and decisions  
Table 3.2 shows the identified industry criteria for a method to measure product-based environmental 
indicators. The source(s) consulted per requirement is also shown.  
 
       Chapter 3: Industry motivations, intended uses, key stakeholders, and requirements for the development of product-based environmental indicators 
21 
 
 
Table 3.2: Elicited industry requirements for developing methods to measure the set of product-based environmental indicators 
It needs to be… Why? Source 
Practical 
Methods need to be simple and cost effective for the 
ADS industries to implement. All suppliers and 
manufacturers need to be able to implement it 
Key informant interviews and questionnaire 
survey (implemented in action research 
cycle 1), industry observations 
Based on available data 
Methods that use available data will reduce the cost of 
data collation and thus be easier to implement (in 
particularly for lower tier suppliers) 
Key informant interviews and questionnaire 
survey (implemented in action research 
cycle 1), industry observations  
Transparent 
How information is calculated needs to be easy to 
follow. Major assumptions and uncertainties are 
illustrated to allow for easy comparisons.  
Key informant interviews and questionnaire 
survey (implemented in action research 
cycle 1), industry observations 
Able to support multiple “end-
applications” 
Methods need to meet the requirements of existing 
decision workflows and possible future requirements 
placed onto to the industry 
Key informant interviews and questionnaire 
survey (implemented in action research 
cycle 1), industry observations 
Useable by SMEs 
Members want to be able to measure and track 
environmental issues along the complete value chain 
ADS DfE WG minutes, industry 
observations, key informant interviews and 
questionnaire survey (implemented in action 
research cycle 1)  
Communicate the 
accuracy/uncertainty/preference 
of the data 
Users of the information need to be able to cost-
effectively evaluate the appropriateness of data for 
various purposes at the point of exchange 
Focus group with key informant group, 
industry observations,  
Additionally, as part of the process to understand industry rationale and requirements for the development of 
methods, the researcher led the drafting and finalisation of industry position papers per product-based 
environmental indicator selected by the industry consortium.  Copies of published industry position papers per 
environmental indicator can be found in Appendices A-F respectively.   
 
Following group discussions, the group highlighted that data availability, ease of implementation, and the 
ability to support multiple end applications were the most important criteria for guiding the selection of 
methods.   
 
3.4 Chapter summary and further research 
 
This chapter has presented the initial research carried out to meet research objectives 1 and 2.  The initial 
literature review ascertained that the development and selection of methods is based on the intended end-
application and stakeholders involved in the collation and use of product-based environmental information. 
Objective 1 aimed to explore and frame the industry motivations, potential end uses, and stakeholders for the 
development and use of product-based environmental indicators. Identified industry drivers ranged from 
demonstrating corporate social responsibility through to the perceived threat of product-based environmental 
regulation being imposed from outside of the industry. However, the need for standardization was 
acknowledged as highly important by all respondents to prevent the proliferation of inconsistent and 
incomparable information.  
 
Findings also highlighted the potential applications of product-based environmental indicators within the ADS 
industries, which ranged from providing the basis for eco-labelling activities and marketing to supporting in-
house design and environmental risk management. Regarding key stakeholders for the development and use 
of product-based environmental indicators, Original Equipment Manufacturers (OEMs), suppliers across all 
tiers, regulators, and customers were identified as important to satisfy.  Overall, a greater understanding of the 
motivations, potential end-applications, and stakeholders for the development and use of product-based 
environmental indicators within the ADS industries was gained.  Such an understanding was missing in the 
extant literature and provided the initial basis required for developing the indicator measurement methods.  
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Additionally, industry criteria for measuring the indicators were ascertained through meeting the second 
research objective. Key requirements identified for the development of methods were that they needed to be 
based on available data, easy to implement, and can support multiple applications. Such elicited criteria are 
supported in the literature (e.g. Bell and Morse, 2003) and in line with expectations, adding credibility to the 
findings. As a result of meeting the two initial research objectives, the research basis and understanding of 
requirements was in place to progress with developing and testing methods for industry wide use. To 
understand the potential challenges and reporting burden of measuring quantitative and qualitative indicators 
by the ADS supply chain, the project decided to develop methods for measuring the below two contrasting 
indicators:   
 
1. "energy consumption" product-based environmental indicator: which is quantitative in its nature 
and local in its scope (i.e. site orientated)  
2. "access to resources” product-based environmental indicators: which is qualitative in its nature 
and global in its scope  
The next sections present the subsequent incorporation of industry requirements for the development and 
selection of methods for measuring the “energy consumption” and “access to resources” product-based 
environmental indicators, including key findings, recommendations for further research, and contributions to 
knowledge emerged from the research.  
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Chapter 4: Development and selection of a method for 
measuring the "energy consumption (EC)" product-
based environmental indicator 
4.1 Introduction 
This chapter presents the development of an agreed method for measuring the “energy consumption” product-
based environmental indicator.  Several important key terms are defined and used within this chapter. The 
“energy consumption” product-based environmental indicator (PBEI) was defined by the industry consortium 
as:  “The amount of energy consumed to manufacture a given component or product within a facility” (ADS 
DfE WG, 2014). 
 
Although the indicator could have been defined in numerous ways, the specific scope for measuring the 
indicator was predicated on the current lack of guidance and growing requirement on aerospace manufacturers 
to declare energy consumption information associated with this life cycle stage (ADS DfE WG, 2014). This 
provided the rationale for focusing on this scope. Figure 4.1 illustrates the scope of the indicator and industry 
problem. The primary research objective was thus to develop and select a single industry method for cost-
effectively calculating the amount of energy associated with manufacturing an aerospace component/product 
within the boundaries of a facility. 
 
 
 
 
 
Figure 4 1: Scope of measuring the energy consumption product-based environmental indicator for use within the aerospace industry 
This chapter refers to measuring the product-based energy consumption indicator as synonymous with 
calculating the product’s manufacturing energy footprint. Methods for measuring the manufacturing energy 
footprint of parts was used in the broadest sense to refer to any method which is able to give the 
manufacturing energy footprint of a product (e.g. via direct measurement, theoretical modelling, or estimation 
using generic data). Types of methods are explained later in the chapter.      
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Various research tasks/activities related to the development of a single method for measuring the energy 
consumption product-based environmental indicator were written up in detailed research reports to the 
industry consortium for discussions, agreement, and/or project steer.  This chapter is thus presented in the 
format of summarising the key findings of a portfolio of industry research reports for readability, alongside 
commentary on outcomes contributing to knowledge and industry impact. Figure 4.2 illustrates the structure 
of the chapter and any supporting research reports referenced. 
 
 
 
Figure 4.2: Structure of chapter 4 and reports to the industry consortium referenced 
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The remainder of the chapter is structured as follows. Section 4.2 introduces the industry rationale for 
indicator selection and the importance of measuring the indicator to business and the environment. Section 4.3 
presents the initial literature review and survey carried out with the industry consortium to ascertain current 
academic thinking and potentially suitable methods for calculating the manufacturing energy footprints of 
aerospace parts. Four potential methods were identified from the research for calculating the manufacturing 
energy footprint of parts, which ranged in scope and data requirements.  
 
It was necessary to test each method identified to determine the most suitable approach.  Section 5.4 presents 
and describes the research methodology followed to test the implementation of each method on case study 
parts selected by Airbus Group, Bombardier Aerospace, and Rolls-Royce. The section also outlines the 
methodology followed to carrying out: (1) the associated uncertainty analysis on results and (2) the overall 
evaluation of the case studies to inform selection of a suitable single method for industry. Section 4.5 presents 
the results of implementing methods on selected case study parts and provides some commentary on data 
collection and interpretation of results.  
 
Section 4.6 discusses results and evaluates the overall suitability of methods for use across the aerospace 
industry, and includes learnings, issues, and challenges that emerged from the case studies. Overall conclusion 
and recommendations with regards to the selection of a single industry method for calculating the 
manufacturing energy footprint of aerospace parts is also given here. Section 4.6.1 expands on Section 4.6 and 
specifically discusses research findings within the context of contributing to knowledge and industry impact. 
Major implications for understanding and comparing information, learnings for informing the development of 
effective product-based environmental policies which benefit businesses as well as broader society, and the 
development and interpretation of existing/future environmental product declaration standards are discussed. 
Finally, Section 4.6 provides a summary of the chapter and the key conclusions and recommendations 
emerging from the research with regards to meeting the overall research objective.  
 
4.2 ADS industries rationale for indicator selection  
The energy consumption product-based environmental indicator is materially important to the ADS industries 
because it is a significant business cost, risk, and a simple (if not necessarily always appropriate) proxy value 
for overall environmental impact (e.g. Ashby, 2012). The declaration of product-based energy information is a 
growing data requirement within the aerospace industry for evaluating environmental impacts and business 
risks (ADS DfE WG, 2014), and external and internal stakeholders are increasingly asking manufacturers: 
“how much energy is consumed to manufacture your product? As confirmed in the initial stakeholder 
engagement research, reasons for data requests ranged from the collation of LCI information for LCAs and 
eco-labelling/environmental statements, through to process improvement and manufacturing efficiency 
activities. Currently, although facility energy consumption is widely measured within the industry (i.e. 
electricity and gas), the manufacturing energy footprints of products were inconsistently calculated and 
reported (ADS DfE WG, 2014). This lack of consistency made it difficult to reliably compare energy 
information for decision-making and cost-effectively meet the informational demands of various stakeholders 
and emerging product-orientated environmental policies. Finally, understanding data challenges and supply 
chain capability to report against an indicator which is quantitative in its nature and local in its scope was little 
researched in the academic and industry literature and also provided the rationale for indicator selection. 
 
4.3 Literature review and survey - Methods to measure the manufacturing energy footprint of 
products 
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This section presents the literature review and research carried out to explore how the energy consumption 
indicator could be measured. Figure 4.3 describes the action research process followed which combines 
findings from the literature review and survey with the industry consortium to identify potential methods for 
measuring the energy consumption (EC) product-based environmental indicator.  
 
 
 
Figure 4.3: Action research process followed to explore and identify potential methods for measuring energy consumption product-based 
environmental indicator for use within the ADS industries 
 
Section 4.3.1 and 4.3.2 summarises findings from the above action research but further information can be 
found in Appendix I. 
 
4.3.1 Literature review – potential methods, standards, and considerations for calculating the 
manufacturing energy footprint of products 
Several standards for calculating and declaring product-based environmental indicators are available within 
the literature (See Table 4.1). These standards vary in their scope, life cycle stages addressed, and 
environmental topics covered. However, despite their apparent differences, many draw on IS0 14040/44 series 
to form their methodological basis (e.g. Finkbeiner, 2014). Nevertheless, these selected standards have been 
reviewed to identify "methods" that manufacturers/suppliers within the ADS industries could use to answer 
the question: “how much energy is consumed to manufacture your product (i.e. calculate and declare the 
manufacturing energy footprint of products)”? Similar comparative studies can be found in the literature but 
these largely focus on either non energy indicators or the whole life cycle of products and therefore provide 
little guidance (e.g. Manfredi et al., 2015; Soode et al., 2013; Barnett et al., 2012).   
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 4: Development and selection of a method for measuring the “energy consumption” product-based environmental indicator 
27 
 
 
 
Table 4.1: Review and overview of product standard and guidelines (Adapted sources: EU, 2013) 
Name 
EU Product 
Environmental 
Footprint 
(PEF) Guide 
ISO 
14040/14044 
PAS 
2050 
ISO 14067: 
Carbon 
footprint of 
products 
GHG 
Protocol 
Product 
Standard 
ISO 14025 
(Type 3 label) 
for making 
environmental 
product 
declarations 
(EPDs) 
Description  Published by the 
EU commission, 
guide for 
calculating the 
environmental 
footprint of 
products and aims 
to harmonise 
existing methods 
for product groups  
Leading 
international 
standards for 
Life Cycle 
Assessments 
(LCA) 
UK carbon 
footprint 
standard 
published 
by BSI 
Based on ISO 
14040/44 and 
ISO 14025, 
but focuses on 
climate change 
only 
Similar to ISO 
14067 and 
focuses on 
greenhouse 
gas accounting 
Based on ISO 
14040/44, 
introduces PCR and 
EPD for products. 
PCRs have been 
developed for use 
within comparable 
industries such as 
construction, 
railway, and 
automotive.   
Based on or 
compliant with 
ISO 14040/44 
(Y/N)?  
N n/a Y Y Y Y 
Suitability and 
learnings for 
measuring the 
energy 
consumption 
product-based 
environmental 
indicator?  
No, but provides 
guidance on setting 
system boundaries, 
use of primary and 
secondary data, 
and potential 
sources of data to 
consult  
No, but 
provides 
guidance on 
setting system 
boundaries and 
use of primary 
and secondary 
data  
No, but 
provides 
guidance 
on setting 
system 
boundaries 
and use of 
primary 
and 
secondary 
data 
Yes:  
1.Direct 
measurement 
2. Collecting 
activity data 
(e.g. 
production 
hours, kg, etc.) 
3.Use of 
secondary data  
Yes:  
1. Direct 
measurement 
2. Collecting 
activity data 
(e.g. 
production 
hours, kg, etc.) 
3. Modelling 
processes (e.g. 
mass balance, 
stoichiometric 
calculations, 
etc.) 
4.Use of 
secondary data 
No, but provides 
guidance on setting 
system boundaries 
and use of primary 
and secondary data  
 
The review of product standards and the wider academic literature identified the following key learnings and 
areas to consider:  
 
 Generally, three different methods were identifiable for calculating the manufacturing energy 
footprint of products: Three types of methods for calculating the manufacturing energy footprint of 
products were inferred from the standards: (1) direct measurement, (2) modelling/theoretical 
calculations, and (3) generic calculations. Table 4.2 below provides a brief description of what these 
entail. 
Table 4.2: Type of methods for calculating the manufacturing energy footprint of product identified from the literature review 
Types of methods identified from the literature review 
Direct measurement Modelling/theoretical calculations Generic calculation 
Directly measuring process 
emissions or resource use 
Mathematically modelling processes 
to predict emissions or resource use 
with empirical data 
Use of generic/secondary data 
and from databases to estimate 
emissions or resource use 
Chapter 4: Development and selection of a method for measuring the “energy consumption” product-based environmental indicator 
28 
 
 
 Existing methods in published standards provided little prescriptive guidance on calculating the 
manufacturing energy footprint of products: None of the reviewed standards directly answered the 
research question of how aerospace manufacturers could calculate and declare the manufacturing 
energy footprint of their products.  Most standards provide guidance on setting system boundaries and 
how to report information, but provided little specific description from a manufacturers' perspective 
on how to calculate, for example, the embodied manufacturing water consumption, energy 
consumption, or waste production of products. Some general guidance on data acquisition methods 
and collection of LCI data are available in the literature (e.g. Rebitzer et al, 2004; ISO 14041; EPA, 
1993) but most of these are complex to navigate, focus on data formatting, creation of supplier 
surveys/check lists, or do not fully detail methods for calculating the manufacturing energy footprint 
of products. 
 
 Multiple methods are used and stacked to calculate the manufacturing energy footprint of 
products: Stacking refers to the practice of using and summation of the results of applying different 
methods. Calculating the manufacturing energy footprint of products is similar to collating energy 
LCI inventory data from manufacturers in product LCA studies. The stacking of primary/site specific 
data, generic data/secondary data, and/or results of different acquisition methods (e.g. process 
modelling) for LCI data collection is common practice within the LCA community (e.g. Nunez and 
Jones, 2016; Bauman and Tillman, 2004; Vigon et al, 1993). Reasons for stacking different types of 
data relate to closing data gaps and carrying out cost practical LCAs. For example, in some cases it 
may not be possible to obtain data across the complete supply chain using the same data collection 
method. However, the uncertainty and comparability associated with staking different methods is little 
explored in the academic literature and raises further questions about the reliability of information for 
informing decisions, and identifies a gap in the literature requiring further investigation.  
 
 The use of different methods is assumed to be comparable: There are little discussions on the 
comparability of methods and thus an implicit indication they are comparable. Some studies 
comparing the use of different standards for product carbon footprint calculations or methods 
measuring other environmental indicators can be found in the literature (e.g. Keller et al, 2014; 
OECD, 2009; Kounina et al, 2013; Barnett et al, 2012). However, to the best of the researcher’s 
knowledge, no study into the empirical comparison of methods for calculating product manufacturing 
energy footprints is available in the literature. 
 
 Product Category Rules (PCRs) provide industry agreed rules for making environmental 
product declarations (EPDs) but these vary between industries or product categories:. As EPDs 
are verified and certified, they aim to enable businesses to make transparent and reliable 
environmental/LCA claims about their products. However, PCRs vary significantly between product 
categories and industries.  This large variance suggests there is not a one size fit model for making 
EPDs, but only an industry agreed approach which is in line with the industry’s and stakeholders’ 
requirement for information. PCRs are available for construction, railway, and automotive products. 
Products manufactured from these industries have product value chain characteristics similar to the 
aerospace industry: they have long-life cycles, are capital intensive, and have complex supply chains. 
Therefore there is the potential for meaningful comparisons and learnings to be drawn. The detailed 
literature review report sent to the industry consortium on cross-examining the use of EPDs and PCRs 
in the construction, railway, and automotive industry for informing the development of methods in the 
EngD research can be found in Appendix H. 
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 PCRs and EPDs presently proliferate the use of multiple methods and declaration of 
incomparable information:  All EPDs, and therefore PCRs, involve the collection of energy LCI 
data. Procedures for energy LCI data collection are likely to vary from company-to-company and are 
based on the study’s goal and requirements for information. Apart from providing general data quality 
rules and system boundaries for data collection, a cross-examination of the construction, automotive, 
and railway PCRs reveal they provide no guidelines or detailed methods for the collation of energy 
LCI data from manufacturers/suppliers (further information on the cross-examination of EPDs in 
other industries is contained in Appendix H). As multiple methods maybe used and aggregated to 
calculate the manufacturing energy footprint of products, the lack of guidance and transparency 
regarding this process raises several questions about data collection and the reliability of comparing 
EPDs. The development and use of a single method in this research may overcome these issues and 
therefore support the collection of consistent data for creating comparable EPDs.  
 
 Two types of product-based data are used and acceptable: (1) primary/specific, and (2) 
secondary/generic, though there is little prescriptive guidance on how to calculate/generate this data in 
standards such as PCRs. For example, many will  state primary data must be used but not detail 
method for collecting/calculating that primary data  
 
 Site specific/primary data is viewed to be more accurate than secondary/generic data in the 
academic literature: Generally, “site specific/primary” data are specified for the product 
manufacturing stage. The general attitude within the literature is that primary data/direct measurement 
is the most accurate and therefore reliable type of data as it is product specific (e.g. Weidema and 
Wesnaes, 1997). Generic data, however, is generally viewed as unsuitable for calculating impacts 
related to product manufacturing as it may misrepresent true loadings and actual operations of a 
facility (e.g. Vigon et al, 1993). 
 
 Some standards provide guidance on assessing uncertainty but provide no empirical evidence 
into comparing the uncertainty of different methods: Most of the reviewed standards provide 
guidance on assessing uncertainty and data quality (e.g. Monte Carlo simulation or use of data quality 
indicators). However, there is little empirical insight into the uncertainty associated with the use of 
different methods and implications for decision making in the academic and industry literature. This 
presents a current knowledge gap and therefore implementing different methods in real world 
scenarios would provide greater empirical insight into the selection of methods and their associated 
uncertainty.  
  
Overall, the literature review suggested multiple methods were available to calculate the manufacturing 
energy footprint of products. However, the most notable research gaps and subsequent research questions 
identified for informing the development and selection of a single industry method were: 
 
1. What are the existing methods utilised within the aerospace industry for calculating the 
manufacturing energy footprint of products and current uses of this information? 
2. What is the practicality of implementing potential methods in an aerospace product manufacturing 
environment to inform selection for use as a single industry method, including usefulness of 
methods to businesses? 
3. How do the methods empirically compare, and what are the potential differences in results and 
uncertainty associated with using and stacking different methods?  
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Because there was no available research on understanding the use of existing methods utilised within the 
aerospace industry, the industry consortium was engaged as the key informant group to explore and determine 
how the manufacturing energy footprints of parts were calculated within their organisations through a series of 
informal interviews, surveys, and email exchanges (including what this information might be used for). 
Results of the research survey carried out to explore methods used by the industry consortium and subsequent 
key outcomes are presented in the next section. However, a copy the presentation given to the industry 
consortium summarising the overall research carried out to identify and establish potential methods for 
measuring the energy consumption indicator (including research method, who was asked, and method of 
analysis) can be found in Appendix I. 
 
4.3.2 Survey - Existing methods used within the aerospace industry for calculating the manufacturing 
energy footprint of products 
As identified from the literature review, the industry consortium was engaged through a series of interviews, 
surveys, and email exchanges to identify and build upon the use of existing methods. Key findings providing 
further insights into the use of methods within the aerospace industry for calculating the manufacturing energy 
footprint of parts from the survey were:  
 
• Energy consumption is measured at different levels by the manufacturing companies: all the OEMs 
(Original Equipment Manufacturers) meter energy consumption at various levels, ranging from unit 
process and process line level, to, facility and multi-facility level. Energy consumption for HVAC, 
offices, cafeteria, etc., may also be sub-metered within a facility  
• Inconsistent approach to calculating the manufacturing energy footprint of parts : none adopt the 
same approach to measuring energy consumption at the product-level 
• Four disparate methods used by the industry consortium to calculate the manufacturing energy 
footprint of products: were identified for potentially measuring/calculating "energy consumption" at the 
product-level, see Figure 4.4. Identified methods can be broadly sorted into two groups: (1) top-down 
approaches involving the disaggregation of data, and (2) bottom-up approaches involving the aggregation 
of data 
• Multiple methods are stacked: some OEMs currently use and stack the results of multiple methods for 
calculating the manufacturing energy consumption associated to a product in either internal LCAs or 
external communications  
• No cross comparison of methods regarding practical implementation and suitability for use across 
the complete product supply chain: the relative pros and cons of using different methods, including 
potential implications of using different methods for declaring information and informing decisions, is not 
well understood 
• Product-based data is used for various reasons: energy consumption is calculated/measured at the 
product-level for  reasons ranging from cost monitoring and reduction through to CSR activities and 
reducing environmental impacts of supply chains 
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Figure 4.4: Identified methods for calculating the manufacturing energy footprint of parts from engaging the industry consortium 
 
Table 4.3 briefly describes each method and its general use based on the result of discussions with the industry 
consortium.  
 
Table 4.3: Description of identified methods and their uses 
 Methods  
  Method 1 
Direct measurement 
Method 2 
Theoretical calculation 
based on actual process data 
Method 3 
Facility level 
allocation to product 
level 
Method 4 
Approximation based on generic 
data 
Description Uses meters to physically 
measure energy 
consumption at the unit 
process or process line 
level 
Does not use energy meters, 
but calculations are based 
on actual observed process 
data (i.e. kWh  ratings of 
unit processes/machines, 
process times, and material 
input) 
Total annual energy 
consumption of a 
facility is divided by 
one of  three allocation 
factors: 
 
a) total annual 
quantity of parts 
produced 
b) production hours 
c) annual 
production 
weight 
Uses secondary/generic data to 
model the facility under 
investigation to determine the 
manufacturing energy 
consumption of a product (e.g. 
Sima Pro and the use of the 
Ecoinvent database) 
Current 
application 
Detailed LCA, process 
monitoring and 
improvement 
For understanding energy 
draw and connected risks at 
the product-level 
Eco-labelling or for 
making external 
product-based 
declarations of 
manufacturing energy 
use 
Eco-design screening study, may 
inform the consideration of a 
detailed LCA study, or used to 
support external product-based 
environmental declarations 
 
 
 
 
As can be seen in Table 4.3 above, the scope and use of methods vary between methods. These findings 
suggest selection of methods is based on the intended use of that information. Figure 4.5 illustrates the scope 
and required data points for implementing each identified method. 
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Figure 4.5: Data requirements for implementing methods for calculating the manufacturing energy footprint of products 
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The technical scope and calculation procedure of the four identified methods for 
measuring/calculating the manufacturing energy footprint of products are briefly described below. 
 
Method 1: Direct Measurement  
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑖𝑛𝑔 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 = ∑
𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 
(𝑘𝑊ℎ)
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑟𝑡𝑠 (𝑛𝑜. )
𝑛=𝑥
𝑛=1
 
Where x equals the number of unit processes performed. 
 
Energy consumption of each unit process (e.g. machining) is directly recorded by data loggers/energy 
meters and allocated to the part. Use of local exhaust ventilations (LEVs), demineralized water, 
compressed air, and other supporting processes are included and allocated to the part. Recorded 
energy consumption for all unit processes are summated to give the total embodied manufacturing 
energy content of the part. Background processes such as HVAC and lighting are generally ignored in 
practice as the focus is usually on understanding and reducing process energy.  
 
Method 2: Theoretical calculation based on actual process data 
  
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑖𝑛𝑔 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 = ∑
𝑢𝑛𝑖𝑡 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 𝑝𝑜𝑤𝑒𝑟 𝑟𝑎𝑡𝑖𝑛𝑔 (𝑘𝑊). 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 𝑡𝑖𝑚𝑒
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑟𝑡𝑠 (𝑛𝑜. )
𝑛=𝑥
𝑛=1
 
 
Where x equals the number of unit processes performed. 
 
Instead of using data loggers/energy meters, the power rating/energy loadings (i.e. kW rating) of each 
unit process (e.g. machining) is obtained and multiplied by the process time and allocated to the part. 
For wet process tanks (e.g. acid etching), heat loss and gain calculations are carried out to obtain Use 
of LEVs, demineralized water, compressed air, and other supporting processes are included and 
allocated to the part. For certain processes, heat loss and gain calculations may be appropriate (e.g. 
wet processes involving the heating up of liquid). Theoretically calculated energy consumption for all 
unit processes are summed to give the total embodied manufacturing energy content of the part. 
Background processes such as HVAC are generally ignored in practice as the focus is usually on 
understanding and reducing process energy.  
 
Method 3: Facility level allocation of energy consumption  
 
Three sub-methods for allocating annual facility level energy consumption to the product level are 
considered and described.  
 
Method 3a: Facility level allocation based on annual quantity of parts manufactured 
  
 
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑖𝑛𝑔 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 =  
𝐴𝑛𝑛𝑢𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑓𝑎𝑐𝑖𝑙𝑖𝑡𝑦 (𝑘𝑊ℎ)
𝐴𝑛𝑛𝑢𝑎𝑙 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑝𝑎𝑟𝑡𝑠 𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑒𝑑 𝑏𝑦 𝑓𝑎𝑐𝑖𝑙𝑖𝑦 (𝑛𝑜. )
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Average energy consumption per part across the year is calculated by dividing the total annual energy 
consumption of the facility by the total quantity of parts manufactured annually by the facility.  
 
Method 3b: Facility level allocation based on annual production hours 
 
𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑖𝑛𝑔 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 =  
𝐴𝑛𝑛𝑢𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
 𝑜𝑓 𝑓𝑎𝑐𝑖𝑙𝑖𝑡𝑦 (𝑘𝑊ℎ)
𝐴𝑛𝑛𝑢𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 ℎ𝑜𝑢𝑟𝑠
 𝑜𝑓 𝑓𝑎𝑐𝑖𝑙𝑖𝑦 (ℎ𝑟𝑠)
 × 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 𝑡𝑖𝑚𝑒 𝑓𝑜𝑟 𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 𝑝𝑎𝑟𝑡 (ℎ𝑟𝑠) 
Average energy consumption per hour across the year is calculated by first dividing the total annual 
energy consumption of the facility by the annual production hours of the facility to obtain the average 
energy intensity per hour rate. The average energy consumption per hour rate is then multiplied by the 
total process time for manufacturing one quantity of the selected part within the facility (i.e. gate-to-
gate). Resulting value gives the average amount of energy consumed for manufacturing the part based 
on annual production hours recorded by the facility.  
 
Method 3c: Facility level allocation based on total annual weight of parts manufactured  
 
𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑖𝑛𝑔 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 =  
𝐴𝑛𝑛𝑢𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
 𝑜𝑓 𝑓𝑎𝑐𝑖𝑙𝑖𝑡𝑦 (𝑘𝑊ℎ)
𝐴𝑛𝑛𝑢𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 
 𝑜𝑓  𝑎𝑙𝑙 𝑝𝑎𝑟𝑡𝑠 𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑒𝑑 (𝑘𝑔)
 × 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 𝑝𝑎𝑟𝑡 (𝑘𝑔) 
The average energy consumption of manufacturing 1kg of products is calculated by dividing the 
annual energy consumption of the facility by the annual production weight of all parts manufactured 
by the facility. The obtained average energy intensity to manufacture 1kg of product is multiplied by 
the final/finished weight of the selected product. 
 
Method 4: Approximation based on generic data  
 
𝑈𝑛𝑖𝑡 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 →  𝑑𝑎𝑡𝑎𝑏𝑎𝑠𝑒 𝑠𝑒𝑎𝑟𝑐ℎ → 𝑎𝑙𝑙𝑜𝑐𝑎𝑡𝑒 𝑡𝑜 𝑝𝑎𝑟𝑡  
 
The product manufacturing energy footprint is approximated through the use of generic data. Several 
generic databases containing life cycle inventory (LCI) information (e.g. water use, energy use, waste 
production, etc.) for materials and manufacturing processes are available (e.g. Ecoinvent). In the case 
of this research, Granta Design’s Material Universe database (which subsumes parts of Econivent, 
consults several other databases, and draws on published industry and academic journal papers) was 
used. It should be noted that the use of generic data always requires the use of some primary 
information about the production system under study.  As such, any generic estimate is rooted in 
combining primary data about components and processes (e.g. weight and manufacturing times) with 
generic energy information about processes (e.g. average energy ratings/intensities of the process). To 
minimise creating additional data burdens on the aerospace value chain, available production data 
such as the bill of manufacturing processes, materials, and process times are used/manipulated and 
looked-up in databases. In Granta Design’s database, process energies of generic manufacturing 
processes are presented in various functional units according to the type of manufacturing process 
carried out. For example, painting energy use is presented as MJ/m2 of surface area painted; 
machining energy use is presented as MJ/kg of material removed, etc. The energy consumption of the 
process is then calculated and allocated to the part. Further details regarding required data for method 
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4 is described in Table 4.8 (including treatment of data gaps), whilst full details regarding industry 
implementation of method 4 can be found in Appendix M. 
 
4.3.3 Further research identified from the literature review and survey 
Any one of the identified four methods could have been used to calculate and report the 
manufacturing energy footprint of aerospace products. However, the data requirements, level of 
expertise, and time to implement each method clearly varied. Based on the literature review and 
engagement with the industry consortium, it was necessary to further explore a number of issues 
before an informed choice regarding selection of a suitable method could be made.  
 
1. How comparable are the methods? Do they produce similar results or do they 
systematically produce different results? 
2. What methods are practical and suitable for use across the complete aerospace value chain, 
ranging from SMEs and simple facilities through to large multi-facilities?  
3. What is the variability or uncertainty associated with the methods (i.e. how consistent are 
results)? 
 
To evaluate these issues, methods 1-4 were tested in a real manufacturing environment to assess 
overall suitability. This included benefits realised from results, ease of implementation, areas of data 
uncertainty, and potential differences in results. Airbus Group, Bombardier Aerospace, and Roll-
Royce agreed to test all four methods on three selected case study parts. The following process was 
followed:  
 
1. Implement method 1, 2, and 3 to calculate the manufacturing energy footprint of selected case 
study aerospace parts (i.e. using site specific data) provided by Airbus Group, Bombardier 
Aerospace, and Rolls-Royce, including feedback from piloting companies. 
2. Implement method 4 to calculate the manufacturing energy footprint of the three selected case 
study aerospace parts (i.e. using generic data).  
3. Carry out an uncertainty analysis on the implementation of methods 1, 2, 3 and 4 
(methodology outlined in Section 4.4.1) . 
4. Analysis of methods with regards to required industry attributes of the method 
5. Recommend single method for measuring the energy consumption indicator based on 
implementation, feedback from the piloting companies, and industry requirements of the 
method 
 
Section 4.4 presents methodology followed, whilst Section 4.5 presents the results of implementing 
methods 1-4 for calculating the energy footprints of selected case study parts.   
 
4.4 Methodology to test methods in industry and select a single method 
To test implementation of methods 1-4 in real world scenarios, complex facilities which manufacture 
a wide range of parts and assemblies were selected to act as the industry case studies. Three parts 
involving a range of manufacturing processes were selected. Investigated processes include, but not 
limited to, forming, machining, wet surface/chemical treatment, oven drying, spray painting, and 
associated secondary processes. This was considered to provide a suitable range of common 
aerospace industry manufacturing processes to test the robustness and versatility of the methods for 
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wider industry use. Figure 4.6 summarises the chronological process followed to test and select a 
single method for measuring the energy consumption PBEI.  
 
 
 
 
Figure 4.6:  process to develop and select a single method for measuring the energy consumption product-based environmental 
indicator 
As shown in Figure 4.6, five key research stages were designed. Site specific methods 1-3 were 
undertaken in a real-time manufacturing environment. Feedback sessions were carried out to capture 
industry views on the learnings from the methods’ implementation and suitability for wider industry 
use. Method 4 was carried out using a combination of generic energy data/estimates from Granta 
Design’s material universe and production data gathered from the case study sites. To understand 
potential variability of results, a quantitative and qualitative uncertainty analysis was carried out on 
the implemented methods and collected data (See Section 4.4.1 for method followed to assess 
uncertainty). Thereafter, concluding remarks and observations were drawn from the industry case 
studies regarding selection of a single method (Section 4.4.2 details the methodology followed to 
evaluate the overall suitability of methods based on industry implementation). Finally, findings were 
presented to the industry consortium to inform and finalise selection of a method and make industry 
recommendations for measuring the energy consumption PBEI. 
 
4.4.1 Method for carrying out uncertainty analysis and establishing error bars on reported 
results 
An objective of the research was to carry out an uncertainty analysis on the implementation of 
methods in order to make a fully informed choice regarding selection of a single method for industry 
use. There are many types of uncertainties resulting from estimation and parameter uncertainty 
through to scientific and systemic uncertainty (GHG, 2003). However, two main forms of uncertainty 
are generally agreed in the literature: (1) aleatory and (2) epistemic (e.g. Heijungs and Heijbregts, 
2004; Baker and Lepech, 2009). Aleatory uncertainty refers to the natural variability or randomness of 
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a process. Variability of the input variables in a model/process/equation and how this affects 
outcomes are typically investigated. Epistemic uncertainty refers to the uncertainty arising from lack 
of knowledge or data.  Gaps in knowledge, the underlying basis, and neglected aspects of the 
model/process/equation and how this may affect outcomes are typically investigated. In this research, 
a form of both types has been quantitatively and qualitatively analysed in order to fully understand the 
uncertainty resulting from each of these methods.  
 
Several quantitative and qualitative methods are available in the literature for assessing the 
uncertainty of results and compilation of data, which range from simple through to complex (Parsons 
et al., 2015; Guo and Murphy, 2012; Huijbregts et al., 2001). To practically understand the aleatory 
uncertainty of implemented methods, the potential variability of methods were quantitatively 
indicated through establishing error bars (or min/max range bars) on results. Establishing min/max 
bars on results was considered to provide the most practical  information for simply understanding the 
variability (or randomness) of energy footprinting methods in place of using more sophisticated and 
complex uncertainty analysis methods (e.g. Monte Carlo simulation). Further details regarding the 
methodology followed are given in the next section. To explore the epistemic uncertainty of methods, 
the case studies were also assessed qualitatively to further indicate potential sources of uncertainty 
which are not  captured in the quantitative analysis, such as describing the potential impacts of  data 
gaps and the theoretical basis of methods in interpreting results. The quantitative and qualitative 
methodologies followed to assess uncertainty are further described in the below sections.   
 
Methodology for establishing error bars on reported results  
To establish error bars on reported results, input/variable parameters were identified for method 1, 
method 2, and method 3. Thereafter, minimum (min) and maximum (max) values were specified for 
identified parameters. Min/max ranges for parameters were either axiomatically defined, based on 
industry observations, feedback from production teams, expert interviews, and/or accepted industry 
practice.  Error bars on individual parameters were calculated, propagated, and then summated to 
obtain overall error bars per method. Results of the uncertainty analysis are presented as +/- 
percentages on original values, and/or min-to-max ranges per method to show the potential 
variability/error in results.   
It is important to note the specification of min/max ranges are partially based on assumptions and a 
number of different ranges could have been specified for the identified input parameters. However, to 
carry out a comparative and consistent study across the selected parts, the researcher regards the 
specified min/max ranges as being practical for carrying out a consistent analysis and in line with 
likely observations or widely accepted industry practice and therefore valid. Table 4.4 describes the 
identified input parameters and specified min/max ranges per method. Sources for specifying 
indicative min/max ranges on input variables were industry observations and conversational 
interviews with operators and managers from the data collection process with Airbus, Bombardier, 
and Roll-Royce, unless stated otherwise. Please note method 4 did not follow this process and was 
omitted as the use of generic data is already a calculated average with uncertainty considered. Instead, 
range bars on method 4 results were established as a consequence of exploring several methodological 
choices in estimating the energy footprint of parts, e.g. material waste allocation rules and different 
material choices. Further detail regarding method 4 and the calculation process followed can be found 
in Appendix M. 
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Methodology for qualitatively identifying major sources of uncertainty 
A wide range of data sources were evaluated to identify major sources of uncertainty in the data 
collection process alongside a qualitative description of their potential importance on final results. 
Data sources included feedback sessions held with the piloting companies following implementation 
of methods, conversational interviews with LCA practitioners/environmental/production/energy 
managers, and industry observations from the data collection process (Further details are contained in 
the respective reports containing the implementation of methods with company A, B, and C in  
appendices J, K, and L) . Key results of the uncertainty analyses are presented in Section 4.5.   
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Table 4.4: Variable parameters and associated min/max range per EC method 
Variable parameters and assumptions for establishing error ranges on results 
Bottom-Up approaches Top-Down approaches 
Method 1 
Direct Measurement 
Method 2 
Theoretical calculation 
Method 3 
Facility level 
allocation based 
on QTY parts  
Method 3 
Facility level 
allocation based 
on production 
HOURS 
Method 3 
Facility level 
allocation based 
on production 
WEIGHT 
Input variables 
(1) Recorded energy consumption (1) kW ratings of processes/machines 
(2) Process times 
(3) No. of parts processed 
(1) Annual energy 
consumption [gas 
and electricity] 
(2) Annual 
quantity of parts 
produced   
 (1) Annual energy 
consumption [gas 
and electricity]  
(2) Annual 
production hours 
(3) Product 
standard time 
(1) annual energy 
consumption [gas 
and electricity] 
(2) annual weight 
of all parts 
produced 
(1) Recorded energy consumption 
 
+/- 50% variance applied to recorded energy consumption to define 
min/max values 
 
The number of parts processed, and so the process energy allocated to 
the part, can vary significantly. In some cases, the number of parts 
processed can vary from 1 to 20 based on the studied parts (e.g. parts 
entering an oven or washing process). Therefore the energy allocated to 
parts in some processes may have an order of one magnitude in error.  
Additionally, process times in practice vary. The skill and pace of an 
operator can vary significantly. In some cases, a skilled operator can be 
twice as fast in comparison to a learner.  For processes which machine 
a queue of parts, a significant amount of time (twice as much in some 
cases) might be spent on the first part setting up tools, inspecting cuts, 
testing, etc. +/- 40% variances has been specified to practically take 
into account these factors.    
(1) kW ratings 
 
-50% variance applied to listed kW ratings to define min value, and 
listed kW rating assumed as max value 
 
Method 2 assumes the process operates continuously at the listed 
manufacturers kW rating. Listed manufacturers kW rating is the 
maximum rating/peak load of the processes and so taken as the max 
value for this study.   
Based on recorded energy consumption and feedback discussions with 
the piloting companies, processes rarely operate continuously at 
maximum power. Data on recorded actual kW ratings vs. manufacture 
listed kW ratings show large differences. In some cases, the actual kW 
rating of a process can be as low 1/10th of the listed manufacturers list 
kW ratings, whereas in other cases it can be close to peak ratings. An 
average of -50% has been taken for the purpose of this uncertainty 
analysis.      
(1) Annual energy consumption- 
 
+/-10% applied to annual energy consumption to define 
min/max values  
 
Annual energy consumption is measured by fixed energy 
meters and generally have very little variance. However, the 
listed variance is specified to account for possible 
measurement errors or missed readings.  
 
Additionally, less than 10% is the variance that Rolls-Royce 
specifies in its reporting and is in line with industry standards  
(Source: Rolls-Royce)  
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Table 4.4: Variable parameters and associated min/max range per EC method (continued) 
Variable parameters and assumptions for establishing error ranges on results 
Bottom-Up approaches Top-Down approaches 
Method 1 
Direct Measurement 
Method 2 
Theoretical calculation 
Method 3 
Facility level allocation based 
on QTY parts  
Method 3 
Facility level allocation 
based on production 
HOURS 
Method 3 
Facility level allocation based on 
production WEIGHT 
Input variables 
(1) Recorded energy 
consumption 
(1) kW ratings of processes/machines 
(2) Process times 
(3) No. of parts processed 
(1) Annual energy consumption 
[gas and electricity] 
(2) Annual quantity of parts 
produced  
  
  
 (1) Annual energy 
consumption [gas and 
electricity]  
(2) Annual production 
hours 
(3) Product standard time 
(1) annual energy consumption [gas 
and electricity] 
(2) annual weight of all parts 
produced 
 
 
 
 
  
  
(2) Process times 
 
+/-33% variance is applied to listed process times to define min-
values  
 
Process times listed on the method of manufacture text typically include 
set-up time, processing, inspection, and storage but it is not broken down 
to this level of detail. Method 2 assumes processes continuously consume 
energy from start to finish at peak power.  
 
In industry practice, however, this rarely happens and can vary 
significantly based on the process, and operator efficiency and skill. In 
some cases based on recorded data and industry feedback discussions, 
process times can vary from being completed twice as fast or  twice as 
long for a variety of reasons in comparison to listed times (i.e. operator 
skill, inspection times, set-up times, queued parts, and waiting time). 
 
 
(2) Annual quantity of parts 
produced- 
 
+/-5% applied to annual 
quantity of parts  define 
min/max values 
 
Parts are generally made 
according to agreed orders and 
demand. There is little variance 
but errors maybe present in 
recording information, 
accounting for the stock of 
products in storage from 
previous years, and number of 
parts on the manufacturing line. 
Therefore a high level of 
accuracy can be assumed. 
  
 
(2) Annual production 
hours 
 
+/- 5% applied  to 
annual production 
hours to define min/max 
values 
 
Annual production hours 
are fairly well recorded 
but could vary based on 
production ramping up or 
down, and errors in 
recording/administration. 
Therefore a high level of 
accuracy can be assumed.  
(2) Annual weight of all parts 
produced 
 
+/-5% applied to   define min/max 
values  
 
Total weight of all parts 
manufactured is not typically 
measured. Weight and quantity of 
all individual parts is generally 
known but difficult to collate and 
sum. Therefore a high level of 
accuracy can be assumed. 
 
To account for possible data gaps 
and assumptions, the specified 
variance is considered to be 
practical and in line with likely 
industry observations.    
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Table 4.4: Variable parameters and associated min/max range per EC method (continued) 
Variable parameters and assumptions for establishing error ranges on results 
Bottom-Up approaches Top-Down approaches 
Method 1 
Direct Measurement 
Method 2 
Theoretical calculation 
Method 3 
Facility level 
allocation based 
on QTY parts  
Method 3 
Facility level allocation based on 
production HOURS 
Method 3 
Facility level 
allocation based on 
production 
WEIGHT 
Input variables 
(1) Recorded energy 
consumption 
(1) kW ratings of processes/machines 
(2) Process times 
(3) No. of parts processed 
(1) Annual energy 
consumption [gas 
and electricity] 
(2) Annual quantity 
of parts produced  
  
  
 (1) Annual energy consumption [gas 
and electricity]  
(2) Annual production hours 
(3) Product standard time 
(1) annual energy 
consumption [gas and 
electricity] 
(2) annual weight of 
all parts produced 
 (3) No. of parts processed 
 
An average of + 33% variance is applied to number of recorded parts processed 
as max value, and 1 part processed  is assumed as min value (where appropriate)  
 
 
The number of parts processed varies significantly from process to process.  A 
minimum of 1 part processed is logical to assume as min value but this is not always 
the case for processes which handle batches of parts. For some process, only one part 
at a time can be processed, e.g. CNC machining, drilling, etc. Therefore, min and max 
values are defined based on industry observations from the data collection process 
and conversational interviews with operators and managers.  The specified variance, 
where applicable, is considered to be a practical average based on industry 
observations and feedback discussions. 
  (3) Product standard time 
 
+/- 33% applied to product standard 
time to define min/max values 
 
The time taken to manufacture a part 
from billet to final piece can vary 
significantly. Queuing time, machine 
breakdowns, order changes, rework 
rates, scrap rates, skill of operator, 
machine selection, etc., can 
significantly increase or decrease actual 
time taken to manufacture products. 
Please also see method 2 on process 
times. 
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4.4.2 Methodology for carrying out feedback sessions and evaluating the overall suitability of 
methods   
The research required the collection and understanding of stakeholder perceptions, attitudes, and 
deeper insights with regards to selection of a single industry method for measuring the energy 
consumption PBEI. Qualitative data was collected using semi-structured interviews, group interviews, 
industry/participant observations, surveys, and email exchanges.  
Content analysis was used to combine data sources, code data, and sort into identified themes to 
understand differences and similarities with regards to exploring the benefits and challenges of 
implementing each method. Themes were either pre-identified or emerged from the research. It was 
then possible to identify the relative suitability of each method and make a recommendation for 
potential industry use against chosen critical attributes, alongside any key learnings from the research.  
Sample size was limited to the industry consortium and case study facilities but provided the level of 
depth required to draw strong conclusions and recommendations.  
The following section presents the results of implementing methods 1-4 on selected components to 
understand differences in cost, benefit, perceived accuracy, practical implementation issues, and 
potential differences in results.   
 
4.5 Results – Aerospace industry case studies on the implementation of selected methods 
to calculate the manufacturing energy footprint of products 
Table 4.5 provides an overview of the three case study parts selected by Airbus Group, Bombardier 
Aerospace, and Rolls-Royce. Companies and specific manufacturing processes have been 
anonymised/generalised for confidential and proprietary reasons.  
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Table 4.5: Overview of selected case study parts to pilot potential methods for calculating product manufacturing energy footprint 
 Company A Company B Company C 
Component name Skin wing Oxygen pipe Small aerospace 
component 
Component start weight 
(kg) 
2003 0.084 17.6 
Component final weight 
(kg) 
774 0.08 4.7 
Billet material  2024-T351 Aluminium 
Alloy  
 
6061-T6 tubing, 
aluminium 
 
Speciality steel 
 
Facility type Large, multi-cell, and 
multi-product 
Large, multi-cell, and 
multi-product 
Large, multi-cell, and 
multi-product 
Product standard/total 
process time (hrs) 
64 7.3 34.4 
No. of processes 102 22 98 
No. of machining 
operations 
 
2 2 22 
Manufacturing 
processes (general) 
Machining  
Oven drying 
Chemical treatment/wet 
processes 
Painting  
Transportation 
 
Secondary processes 
include compressed air 
supply, demineralised 
water supply, and swarf 
extraction system 
 
Background processes 
include building HVAC 
and lighting 
Machining  
Oven drying 
Chemical treatment/wet 
processes 
Painting  
 
 
Secondary processes 
include compressed air 
supply and demineralised 
water supply  
 
 
Background processes 
include building HVAC 
and lighting 
Machining  
Oven drying 
Chemical treatment/wet 
processes 
Painting  
 
 
Secondary processes 
include compressed air 
supply and demineralised 
water supply 
 
 
Background processes 
include building HVAC 
and lighting 
Level of sub-metering Compressor house, 
chemical treatment line, 
and swarf extraction 
system  were sub-
metered.   
Chemical treatment line, 
spray booth and oven, 
and baking oven were 
sub-metered.  
Machining operations 
were not sub-metered. 
Compressor house was 
sub-metered. 
 
Data collection for implementing methods 1-4 
 
Table 4.6, 4.7, and 4.8 presents an overview of the data collection processes and required data for 
testing the four methods at the three case study sites. Data gaps encountered and the corrective actions 
taken for filling data gaps are also described.  
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Table 4.6: Data collection - required data and treatment of data gaps in testing the implementation of method 1 and 2 
 Bottom-up methods (aggregating data) 
 Method 1 (Direct measurement) Method 2 (Theoretical modelling) 
Company Data required Data gaps/problem Corrective action filling data gap Data required Data gaps/problem Corrective action filling data 
gap 
Company A Direct measurements of the following primary processes 
(generalised): 
 Machining 
 Wet processes/chemical treatments  
 Spray painting 
 Oven drying 
Direct measurements of the following secondary processes:  
 Ground vehicle transport 
 Overhead crane transport 
 Demineralised water supply  
 Compressed air supply 
 Swarf extraction system 
 Vacuum beam 
Secondary processes could not be 
data logged at the unit process level 
as these are centrally 
generated/supplied to multiple 
processes and cells. Additionally, 
meters could not be attached on 
some machines due to space 
constraints, disrupting 
manufacturing workflows, or 
availability of 
electricians/maintenance engineers 
to attach meters 
 kW rating or annual recorded 
energy consumption of 
secondary processes (e.g. 
compressor house for 
compressed air supply) obtained 
and allocated to number of unit 
processes supplied. Energy 
consumption by part/process 
time were subsequently 
calculated  
kW ratings and 
process times of 
primary and 
secondary 
processes. 
Some missing kW ratings 
not listed on machines or 
electrical drawings were 
outdated. 
 
Some missing process 
times of additionally 
discovered processes not 
included in method of 
manufacture. 
 Missing kW ratings were 
either estimated by 
electricians or extrapolated 
from direct measurements  
 Missing process times 
were estimated by 
operators/manufacturing 
managers or extrapolated 
from direct measurements 
Company B Direct measurements of the following primary processes 
(generalised): 
 Forming 
 Machining 
 Wet processes/chemical treatments  
 Spray painting and oven drying 
Direct measurements of the following secondary processes:  
 Compressed air supply 
 Steam supply 
Data loggers could not fit on some 
machines due to space constraints 
(i.e. forming and machines) and the 
majority of processes were centrally 
generated/supplied and so could not 
be metered at the unit level.  
 kW rating or annual recorded 
energy consumption of 
secondary processes (e.g. 
compressor house for 
compressed air supply) obtained 
and allocated to number of unit 
processes supplied. Energy 
consumption by part/process 
time were subsequently 
calculated 
kW ratings and 
process times of 
primary and 
secondary 
processes. 
kW ratings of wet 
process tanks were 
unknown and so heat loss 
and gains calculations 
were carried out to obtain 
theoretical energy 
consumption to heat 
tanks and process parts. 
 
Company C Direct measurements of the following primary processes 
(generalised): 
 Machining 
 Spray painting and oven drying 
 Inspections 
Direct measurements of the following secondary processes:  
 Demineralised water supply  
 Compressed air supply 
 Local exhaust ventilation 
Secondary processes could not be 
data logged at the unit process level 
as these are centrally 
generated/supplied to multiple 
processes and cells 
 kW rating or annual recorded 
energy consumption of 
secondary processes (e.g. 
compressor house for 
compressed air supply) obtained 
and allocated to number of unit 
processes supplied. Energy 
consumption by part/process 
time were subsequently 
calculated.  
kW ratings and 
process times of 
primary and 
secondary 
processes. 
Some missing kW ratings 
not listed on machines or 
electrical drawings were 
outdated. 
 
Some missing process 
times of additionally 
discovered processes not 
included in method of 
manufacture. 
 Missing kW ratings were 
either estimated by 
electricians or extrapolated 
from direct measurements  
 Missing process times 
were estimated by 
operators/manufacturing 
managers or extrapolated 
from direct measurements 
Remarks Overall, method 1 was implemented where practical. For company A and C, all primary processes and some secondary processes were directly 
measured and allocated to parts. As secondary processes were a minor contribution to the overall energy footprint of parts A and C (<%5), data 
gaps filled with method 2 is considered negligible and so a very good implementation of method 1 for drawing comparisons. For company B, 
however, direct comparisons between method 1 and 2 cannot be reliably drawn. Implementation of method 1 was limited as there were a large 
amount of data gaps filled with method 2, i.e. >90% of the total energy footprint. Majority of the primary processes could not be directly 
measured at the unit process level because they were either supplied by steam from a central boiler house (i.e. wet process line) or only 
weekly/monthly meter readings were available for painting and allocated to parts based on the number of parts processed weekly/monthly.  
Method 2 was fully implemented for all companies but required estimating kW 
ratings for a small number of processes based on expert opinions/ measured energy 
consumption. For wet process/chemical treatment tanks, complicated heat loss and 
gain calculations were carried out to obtain theoretical energy consumption and 
involved collating additional information related to tank density, tank material, 
liquid density, mass of liquid, mass of part, part material, part density, and tank 
dimensions for numerous chemical processes/tanks. Heat loss and gain calculations 
required significant time, technical expertise, and involved making several 
assumptions.  
 
Chapter 4: Development and selection of a method for measuring the “energy consumption” product-based environmental indicator 
45 
 
 
Table 4.7: Data collection - required data and treatment of data gaps in testing the implementation of method 3a, 3b, and 3c 
 Top-down methods (disaggregating data) 
 Method 3a  
 
(Facility level allocation of energy consumption based 
on annual quantity of parts manufactured) 
Method 3a  
 
(Facility level allocation of energy consumption 
based on annual production hours) 
Method 3a  
 
(Facility level allocation of energy consumption based on 
annual weight of parts manufactured) 
  
Data required:  
 
 Annual energy consumption of facility/cells 
 Annual quantity of parts manufactured by facility/cell 
 
Data required: 
 
 Annual energy consumption of facility/cells 
 Annual production hours of facility/cell 
 Product manufacturing time 
 
 
Data required: 
 
 Annual energy consumption of facility/cells 
 Annual weight of all parts manufactured 
 Product unit weight 
Company Data gaps/problem 
Corrective action 
filling data gap 
Data gaps/problem 
Corrective action 
filling data gap 
Data gaps/problem 
Corrective action filling 
data gap 
Company A None. However, multiple site meters 
had to be read and summed to 
ascertain energy consumption for cell 
n/a None. However, main data 
points are held and stored by 
different stakeholders and 
functions  
n/a None. Energy and production data are 
stored in disaggregated 
format in the energy and production 
teams 
n/a 
Company B None. However, multiple site meters 
had to be read and summed to 
ascertain energy consumption for cell 
n/a Production hours for specifically 
the two studied manufacturing 
cells were unavailable. Only 
facility wide labour hours and 
number of people employed 
across the site was available.  
Using available 
information, the 
production hours of the 
two cells were obtained 
by apportioning total 
production hours to the 
number of peoples 
employed in the cells. 
Labours hours in this 
case was assumed to 
equal the same as 
product manufacturing 
hours 
Weights information for thousands of 
parts manufactured were not recorded 
in a central database for the whole 
site and so was impractical and costly 
to collate 
Not possible to fill data 
gaps and implement fully 
Company C None n/a None. However, main data 
points are held and stored by 
different stakeholders and 
functions 
n/a Weights information missing for two 
parts.  
Data gaps filled with 
average unit weight of 
parts manufactured 
Remarks Quantity of parts manufactured annually were relatively easy to 
obtain as these are recorded as part of standard production 
planning 
A large amount of data gaps were encountered in testing 
methods with company B. Feedback suggests data is 
available within the business but because of resource 
availability it was not possible to collate required data in a 
practical and cost-effective manner. 
Total weight of products manufactured by a facility does not appear 
to  be recorded in a central database, although unit weights of 
products are known for product design and delivery purposes 
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Table 4.8: Data collection - required data and treatment of data gaps in testing the implementation of Method 4 
 Method 4 
(Approximation based on generic data) 
  
Data required:  
 
 List of manufacturing processes  
 List of process times for manufacturing processes  
 Billet material  
 Amount of material removed per machining operation  
 Matching site and product specific machining processes to generic machining processes in Granta MU database (DB) 
 Matching billet material to data record in Granta MU database to obtain processing energies 
 
Company Data gaps/problem Corrective action filling data gap 
Company 
A 
 Amount of material removed per 
machining operation was unavailable or 
impractical to obtain 
 Ganta’s MU DB did not cover all the 
manufacturing processes investigated at 
the company’s site (e.g. oven drying, 
washing, compressed air use, etc.).  
 Total material removed across machining processes was available. Two different apportionment rules were applied to obtain the amount of 
material removed per machining operation: 
1. Equal amount of material removed per machining operation (i.e. total material removed divided by the total number of machining 
operations)  
2. Material removed per machining operation as proportional to process time (i.e. total material removed is divided by the total machining 
process time to obtain an average amount of material removed per minute rate) 
 Data was only available for practically estimating machining energy use.  As such, a limited version of implementing method 4 to estimate only 
machining energy use was carried out. This estimate was later compared to machining energy use calculated according to method 1 and 2 
Company B  Amount of material removed per 
machining operation was unavailable or 
impractical to obtain 
 Ganta’s MU DB did not cover all the 
manufacturing processes investigated at 
the company’s site (e.g. oven drying, 
washing, compressed air use, etc.).  
 Total material removed across machining processes was available. Two different apportionment rules were applied to obtain the amount of 
material removed per machining operation: 
1. Equal amount of material removed per machining operation (i.e. total material removed divided by the total number of machining 
operations)  
2. Material removed per machining operation as proportional to process time (i.e. total material removed is divided by the total machining 
process time to obtain an average amount of material removed per minute rate) 
 Data was only available for practically estimating machining energy use.  As such, a limited version of implementing method 4 to estimate only 
machining energy use was carried out. This estimate was later compared to machining energy use calculated according to method 1 and 2.  
Company 
C 
 Amount of material removed per 
machining operation was unavailable or 
impractical to obtain 
 Ganta’s MU DB did not cover all the 
manufacturing processes investigated at 
the company’s site (e.g. oven drying, 
washing, compressed air use, etc.).  
 No direct match between companies 
billet material and Granta MU database 
for obtaining processing energies 
 Total material removed across machining processes was available. Two different apportionment rules were applied to obtain the amount of 
material removed per machining operation: 
1. Equal amount of material removed per machining operation (i.e. total material removed divided by the total number of machining 
operations)  
2. Material removed per machining operation as proportional to process time (i.e. total material removed is divided by the total machining 
process time to obtain an average amount of material removed per minute rate) 
 Data was only available for practically estimating machining energy use.  As such, a limited version of implementing method 4 to estimate only 
machining energy use was carried out. This estimate was later compared to machining energy use calculated according to method 1 and 2 
 Processing energies/data for machining company C’s billet material was unavailable in Granta Design’s MU DB. As such, three closest matching 
materials (and so processing energies) according to company  C’s material characteristics and application was identified and used in the research.  
Remarks Overall, the amount of material removed per machining operation is not recorded but the total buy-to-fly ratio is known (i.e. the total amount of material removed).  As a number of options are available 
for matching specific machining operations to generic machining processes in Granta MU (e.g. deciding between specifying coarse machining or fine machining), several what-if scenarios were 
explored to obtain a range and the potential variability of making different methodological choices on results. These are presented and described in the uncertainty analysis. 
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Several data collection challenges and caveats need to be noted regarding interpretation of results. For 
method 1, direct measurement, could not be strictly implemented due to challenges of fitting meters 
on certain machines/processes. For example, wet process tanks utilising steam could not be 
individually logged, data loggers could not fit on some machines, or in some cases electrical panels 
were inaccessible, unsafe, or disruptive to manufacturing workflows. In this case, data gaps in the 
implementation of method 1 were filled with theoretical calculations from method 2. This amended 
form of direct measurement/method 1 with data gaps filled with method 2 is subsequently referred to 
as method 1b in this chapter.  However, it important to note that the direct energy consumption of 
most primary (and variable) processes and machines were recorded. Data gaps mainly lay with 
secondary/supporting process (e.g. demineralised water supply), although these are generally static 
energy consumers, non-variable, and found to be negligible in terms of contributing towards the total 
energy footprint of parts (on average <5%). Given the very small contribution to overall energy 
demand of supporting processes, method1b is considered to be a practical and good indication of 
attempting to report the manufacturing energy footprint by direct measurement. 
 
Results of implementing methods 1-4 
 
This section presents and briefly describes results. Tables 4.9-4.11 presents the results of 
implementing methods 1-3 in kWh to calculate the total energy footprint of case study parts according 
to the technical calculation and data collection process outlined in Section 4.3.2. Please note it was not 
possible to fully implement method 4 to approximate the total energy footprint of parts using generic 
data as Granta Design's MU database did not cover the full set of manufacturing processes 
investigated  (e.g. oven drying, washing, compressed air use, etc.). Reports containing the data 
collection process, calculations, and individual implementations of methods 1-3 with manufacturing 
companies A-C can be respectively found in Appendix J-L.  To aid comparisons, factors of 
differences in comparison to method 1b is given as there is a perception in the aerospace industry and 
academic literature that direct/actual measurement provides the most accurate data. Within the results 
tables, associated uncertainties describing the potential variability (or spread of results) of methods 
are quantitatively indicated +/- percentage variances on original results and min-to-max ranges. An 
overview of the methodology followed to carry out the uncertainty analysis is given in Section 4.4.1, 
but full details can be found in the uncertainty analysis report to the industry consortium in Appendix 
N. 
  
To visually show the uncertainty ranges/error bars of selected parts per method, Figures 4.7 – 4.9 
present the results of the quantitative uncertainty analysis in graphical format. Error bars here show 
the original results and the potential min and max values of implemented methods found from the 
uncertainty analysis (please note M1 refers to method 1b as previously described).  
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Table 4.9: Results of implementing methods 1-3 with company A to calculate the total manufacturing energy footprint of aerospace 
part A (max factor of difference in the pairwise comparison of two methods = 6) 
Approach Bottom-up Top-down 
Method 
Direct Theoretical Facility level allocation 
Method 1 (a) Method 1 (b) Method 2  Method 3 (a) Method 3 (b) Method 3 (d) 
Description 
Metered reading of 
all unit processes  
Method 1 (a) data 
gaps filled with 
method 2 data  
Theoretical 
calculations 
Facility level 
allocation based on 
QTY parts 
Facility level 
allocation based on 
production HOURS 
Facility level 
allocation based 
on production 
WEIGHT 
Type of data Site specific data Site specific data Site specific data Site specific data Site specific data Site specific data 
Results (kWh) Not possible 3,410 8,891 10,357 13,526 19,897 
Factors of 
differences 
compared to 
Method 1 (b) 
n/a 1 2.6 3 4 5.8 
Uncertainty 
range (MWh) 
n/a 1.63-5.04 3.3-12.2 9.8-10.8 8.6-18.8 18.6-20.8 
Uncertainty 
percentage 
range 
n/a 
-  52 % 
+ 48 % 
-  52 % 
+ 37 % 
-  5 % 
+ 5 % 
-  37 % 
+ 39 % 
-  5 % 
+ 5 % 
Factor of 
difference 
compared to 
Method 1 with 
uncertainty 
range 
n/a 0.5 – 1.5 1 – 3.6 2.9 – 3.2 2.5 – 5.5 5.5 – 6.1 
 
 
Figure 4.7: Uncertainty ranges on calculating the total energy footprint of Part A according to Method 1, Method 2, and Method 3 
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As can be seen in Table 4.9, the results and uncertainty of methods vary significantly when applied to 
calculate the manufacturing energy footprint of part A. With regards to part A, the largest factor of 
difference in the comparison of two methods was found to be 6.  
 
Table 4.10: Results of implementing Methods 1-3 with company B to calculate the total manufacturing energy footprint of aerospace 
part B (max difference in the pairwise comparison of two methods = 10) 
Approach Bottom-up Top-down 
Method 
Direct Theoretical Facility level allocation 
Method 1 (a) Method 1 (b) Method 2  Method 3 (a) Method 3 (b) Method 3 (d) 
Description 
Metered reading 
of all unit 
processes  
Method 1 (b) data 
gaps filled with 
method 2 data  
Theoretical 
calculations 
Facility level 
allocation based on 
QTY parts) 
Facility level 
allocation based on 
production HOURS) 
Facility level 
allocation based 
on production 
WEIGHT) 
Type of data 
Site specific 
data 
Site specific data Site specific data Site specific data Site specific data Site specific data 
Results (kWh) Not possible 88 105 66 683 Not possible 
Factors of 
difference 
compared to 
Method 1 (b) 
n/a 1.0 1.2 0.7 7.8 n/a 
Uncertainty range 
(kWh) 
n/a 57 - 119 61 – 109 62 – 69  429 – 912 n/a 
Uncertainty 
percentage range 
n/a 
- 35 % 
+ 35 % 
-  42 % 
+ 4 % 
-  5 % 
+ 5 % 
- 37 % 
+ 33 % 
n/a 
Factor of 
difference 
compared to 
Method 1 (b) with 
uncertainty range 
n/a 0.6 - 1.4 0.7 – 1.2 0.7 – 0.8 4.9 – 10.4 n/a 
 
The results of company B should be interpreted with caution.  As highlighted in Tables 5.5 and 5.6, 
there were a larger number of data gaps and corrective actions required in comparison to company A 
and C. For example, the strong comparability between method 1 and 2 in Company B is because a 
large proportion of method 1b data gaps were filled with method 2 (i.e. over 90% of the total energy 
footprint). However, as the implemented methods were still based on the use of site specific data, the 
research believes meaningful insights and conclusions can be drawn from results and demonstrates the 
potential variability/capability between companies for implementing methods. Weights data for all 
parts manufactured in Part B’s facility was impractical to collate because it was manually recorded 
and stored in multiple databases across the site, and so for this reason omitted in the research.  
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Figure 4.8: Uncertainty ranges on calculating the total energy footprint of Part B according to Method 1, Method 2, and Method 3 
As can be seen in Table 4.10, the results and uncertainty of methods 1, methods 2, and method 
3(quantity) are similar but vary significantly with method 3(hours) when applied to calculate the 
manufacturing energy footprint of part B. With regards to part B, the largest factor of difference in the 
comparison of two methods was found to be 10, which was the largest difference observed between 
the three case study parts. 
 
Table 4.11: Results of implementing Method 1-3 with company C to calculate the total manufacturing energy footprint of aerospace 
part C (max factor of difference in pairwise comparison of two methods = 5) 
Approach Bottom-up Top-down 
Method 
Direct Theoretical Facility level allocation 
Method 1 (a) Method 1 (b) Method 2  Method 3 (a) Method 3 (b) Method 3 (d) 
Type of data Site specific data Site specific data Site specific data Site specific data Site specific data Site specific data 
Description 
Metered reading of 
all unit processes  
Method 1 (a) data 
gaps filled with 
method 2 data  
Theoretical 
calculations 
Facility level 
allocation based on 
QTY parts 
Facility level 
allocation based on 
production HOURS 
Facility level 
allocation based 
on production 
WEIGHT 
Results (kWh) Not possible 256 719 1320 1143 389 
Factors of 
difference 
compared to 
Method 1 (b) 
n/a 1 2.8 5.2 4.5 1.5 
Uncertainty range 
(MWh) 
n/a 110-366 395-869 1089-1204 867-1797 369-408 
Uncertainty 
percentage range 
n/a 
-  57 % 
+ 43 % 
-  45 % 
+ 21 % 
-  5 % 
+ 5 % 
-  24 % 
+ 57 % 
-  5 % 
+ 5 % 
Factor of 
difference 
compared to 
Method 1 with 
uncertainty range 
n/a 0.4 – 1.4 1.5 – 3.4 4.3 – 4.7 3.4 - 7 1.4 – 1.6 
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Figure 4.9: Uncertainty ranges on calculating the total energy footprint of Part B according to Method 1, Method 2, and Method 3 
As can be seen in Table 4.11, the results and uncertainty of methods vary significantly when applied 
to calculate the manufacturing energy footprint of part C. With regards to part C, the largest factor of 
difference in the comparison of two methods was found to be 5. Table 4.12 shows all results for parts 
A,B, and C, and  presents the average range of differences observed across the three case study parts, 
alongside data sources and reasons for differences in final results.  
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Table 4.12: Average factors of differences in comparison to method 1 after consolidating all results from part A, B, C 
Approach Bottom-up Top-down 
Method 
Direct Theoretical Facility level allocation 
Method 1 (a) Method 1 (b) Method 2  Method 3 (a) Method 3 (b) Method 3 (d) 
Type of data Site specific data Site specific data Site specific data Site specific data Site specific data Site specific data 
Description 
Metered reading of 
all unit processes  
Method 1 (a) data 
gaps filled with 
method 2 data  
Theoretical 
calculations 
Facility level 
allocation based on 
QTY parts 
Facility level 
allocation based on 
production HOURS 
Facility level 
allocation based on 
production 
WEIGHT 
Factors of 
differences 
compared to 
method 1(b) 
n/a 
 
1 
 
 
1.2 – 2.8 
 
(2.6, 1.2, 2.8) 
 
0.7 – 5.2 
 
(3, 0.7, 5.2)  
 
4 – 7.8 
 
(4, 7.8, 4.5)  
 
1.5 – 5.8  
 
(5.8, n/a, 1.5)   
Reasons for 
differences 
in 
comparison 
to Method 1 
(b) 
- n/a 
Foreground processes 
accounted, only. 
Processes times are 
generally longer in 
comparison to direct 
measurement and 
assumed to operate at 
peak kW load 
continuously. 
Background 
processes excluded 
(e.g. space 
heating/cooling, 
lighting) 
System boundary 
includes foreground 
and background 
processes and  
energy consumption 
(e.g. space 
heating/cooling, 
lighting, machine 
stand by) 
System boundary 
includes foreground 
and background 
energy consumption 
and averaged to part 
based on an 
allocation factor 
(e.g. space 
heating/cooling, 
lighting, machine 
stand by) 
System boundary 
includes foreground 
and background 
energy consumption 
and averaged to part 
based on an 
allocation factor 
(e.g. space 
heating/cooling, 
lighting, machine 
stand by) 
Data sources 
Unable to 
physically data log 
all aspect of 
production 
Data logger, 
energy meters, 
and 
manufacturers' 
data plate and 
sheets 
Data logger, 
manufacturers' data 
plate, and electrical 
drawings 
Business enterprise 
system (i.e. SAP) 
Business enterprise 
system (i.e. SAP) 
Business enterprise 
system (i.e. SAP) 
 
 
With regards to the implementation of methods 1-3, Table 4.12 empirically shows that although 
methods 1-3 are rooted in the use of primary/site specific data, the implementation of different 
methods produce consistently different results. For example, differences between the results of 
method 2 (theoretical calculation) and method 3 (facility level energy consumption allocation) in 
comparison to method 1 (direct measurement) vary significantly and bring into question the reliability 
and comparability of product energy footprints which have stacked results from the use of different 
methods.  
 
Implementation and results of method 4 to approximate the manufacturing energy footprint of parts 
using generic data 
 
To implement method 4, Granta Design’s Material Universe database (which subsumes parts of the 
Ecoinvent LCI database and draws on multiple published papers) was consulted to estimate the 
manufacturing energy footprint of parts using generic data. As mentioned previously, it was not 
possible to fully implement method 4 as generic data was unavailable for the complete set of 
manufacturing processes investigated. For this reason, a comparison to method 3 (total energy 
footprint of a part) could not be made. However, a reliable comparison using generic data could be 
made for machining and grinding processes for the three case study parts. Using the available 
processing data and the amount of material removed in machining and grinding parts, it was possible 
to obtain a process-level comparison of calculating machining energy use according to methods 1, 2, 
and 4. An overview of the sources of data consulted, assumptions, and the calculation procedure 
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carried out to implement method 4 are described in Table 4.8, but further details can be found in the 
report to the industry consortium contained within Appendix M.  The use of generic data to calculate 
the energy consumption of a limited manufacturing process was carried out to gain industry insights 
into the potential comparability of using inexpensive generic data vs. methods rooted on the use of 
more expensive primary/site specific data (including practicality issues). 
 
Tables 4.13- 4.15 present the results of calculating machining and/or grinding energy consumption 
using methods 1, 2 and 4, for the case study parts.. Associated uncertainty of calculating machining 
energy use according to implemented methods is also given. To illustrate and compare the uncertainty 
ranges of selected case study parts Figures 4.10-4.12 present the uncertainty results in graphical 
format to. 
 
Table 4. 13: Part A – Machining energy consumption of part A using Method 1, Method 2, and Method 4 
 Machining energy consumption by part 
(kWh)  
Factor of difference comparison to 
Method 1  
Method 1 (Direct 
measurement)-Original 
630.7 
(315 - 946) 
+50% - 50% 
1 
Method 2 (Theoretical 
calculation)-Original 
6094 
(2041 - 8104) 
+32% -66% 
9.66 
Method 4 
(approximation using 
generic data)-Median 
679 
(170-1188) 
+75% -75% 
1.07 
 
 
Figure 4.10: Uncertainty ranges on calculating machining energy consumption of Part A according to Method 1, Method 2, and 
Method 4 
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Table 4.14: Part B- Machining energy consumption  of part B using Method 1, Method 2, and Method 4 
 Machining energy consumption by part 
(kWh)  
Factor of difference comparison to 
Method 1  
Method 2 (Theoretical 
calculation)-Original 
0.0525 
(0.01758 - 0.0698) 
+32% -66% 
1 
Method 4 (approximation 
using generic data) 0.0001 
 
0.002 
 
 
With regards to Part B in Table 5.12, method 4 is a single estimate for only a cutting and trimming 
operation. Unlike parts A and C, no other generic data sources were explored to obtain a range Note  a 
comparison to method 1 could not be made as the cutting and trimming operations could be not be 
directly measured. Therefore only a comparison to method method 2 is given. . As can be seen in 
Table 2, there is a large difference between method 2 and method 4. The most likely reason for this 
difference is the poor mismatch between the actual process and the listed generic process. In the case 
of part B, these insights highlight some of the potential issues in practically implementing methods to 
estimate the energy consumption of processes using generic data.    
   
Figure 4.11: Uncertainty ranges on calculating machining energy consumption of Part B according to Method 1, Method 2, and 
Method 4 
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Table 4.15: Part C - Machining energy consumption of part A using  Method 1, Method 2, and Method 4 
 Machining energy 
consumption by part 
(kWh)  
Factor of difference 
comparison to 
Method 1  
Grinding energy 
consumption by part 
(kWh) 
Factor of difference 
comparison to 
Method 1  
Method 1 
(Direct 
measurement)-
Original 
59 
(30 - 89) 
+50% -50% 
 
1 
16 
(8 - 24) 
+50% -50% 
1 
Method 2 
(Theoretical 
calculation)-
Original 
334 
(112 - 444) 
+32% -66% 
5.66 
57 
(19 - 75) 
+31% -66% 
3.56 
Method 4 
(approximation 
using generic 
data)-Median 
65.5 
(2.6 – 128) 
+95% -96% 
1.11 
20.8 
(2 – 39.6) 
+90% -90% 
1.3 
 
 
Figure 4.12: Uncertainty ranges on calculating machining energy consumption of Part C according to Method 1, Method 2, and 
Method 4 
Apart from part B, the most striking observation to note is the high comparability between direct 
measurement and estimation using generic data for calculating machining energy consumption. It is 
also interesting to note that method 2 is significantly higher in comparison to direct measurement and 
generic data estimates, and suggests method 2 in its current form does not reflect actual energy use 
despite being rooted in using primary/site specific data (i.e. process times and kW ratings). These 
limited findings suggest there is potential scope to replace expensive and time consuming primary 
data collection using direct measurement with cheaper and available generic data.  
Major sources of uncertainty per method for calculating the manufacturing energy footprint of parts 
To further understand the epistemic uncertainty of results, a qualitative assessment of potential data 
and methodological uncertainty was carried out according to the methodology outlined in Section 4.2. 
Table 4.16 lists and describes the potential major sources of uncertainty that were identified for each 
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method during the data collection process and through feedback sessions held with the piloting 
companies.
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Table 4.16: Major sources of uncertainty per energy consumption method 
Methods for calculating the energy footprint of aerospace parts 
Direct measurement Theoretical calculation Facility level allocation 
based on quantity parts 
manufactured  
Facility level 
allocation based on 
production hours 
Facility level 
allocation based on 
weight of parts 
manufactured 
Approximation based on 
generic data 
Method 1 Method 2 Method 3a Method 3b Method 3c Method 4 
 No. of parts processed: number of parts 
processed in batches can vary and so  impacts 
the allocation of process energy to parts 
 Operator skill: can significantly affect 
process times and so the duration the data 
logger is on 
 Set-up and inspection time excluded: 
although the parts are not in the machine 
during these activities, machines are typically 
still running in background 
 Start up and shut-down energy excluded: 
for applicable processes, e.g. chemical 
processes and certain machines, start-up and 
shut-down energy was excluded. Only time on 
the chuck or in the tank, for example, was 
recorded to carry out a consistent study 
 Different process routes excluded: some 
parts have multiple product routing options, 
e.g. use of different machines, sub-contracted 
to a supplier, etc. The use of different product 
routes may increase of decrease the energy 
footprint of the part 
 Different use of materials excluded: some 
parts have options for the use of different 
materials, which can vary in hardness and 
other mechanical properties. Choice of 
different materials can significantly affect, for 
example, cutting and chemical processing 
times and therefore the energy footprint of 
parts 
 Use of theoretical calculations to fill data 
gaps: not all aspects of production can be data 
logged (e.g. loggers can’t fit on some 
machines). Data gaps filled with theoretical 
calculations may skew results  
 Assuming processes operate at 
max kW rating: processes rarely 
operate continually at peak power 
rating  
 Process times include non-energy 
consuming activities: listed process 
times include non-energy 
consuming activities (e.g. set-up, 
inspection, etc.) but methodology 
assumes energy is consumed for the 
entire duration of the listed process 
time. In some cases, listed process 
times are estimations and actual 
process times could be significantly 
longer/shorter based on factors 
mentioned in Method 1. 
 No. of parts processed: See method 
1. 
 Outdated electrical drawings: 
machines are often retrofitted or 
upgraded. Outdated electrical 
drawing may not include equipment 
upgrades and so the actual kW 
rating of machines  
 Missing manufacturers’ data plate 
or kW rating: some machines are 
decades old and manufacturers’ 
information regarding kW ratings is 
either unavailable or redundant due 
to upgrades. kW ratings may then be 
approximated based on similar or 
modern equivalent machines.  
 All parts manufactured by the 
facility are assumed to consume 
the same amount of 
manufacturing energy: in 
reality, the amount of 
manufacturing energy consumed 
varies from part to part.  
 Missing energy meter readings: 
sub-metering within some of the 
facilities are numerous, complex, 
and/or undergoing expansion. In 
some cases, it is difficult to 
identify meters allocated to 
processes and cells due to 
outdated meter maps. 
Additionally, automatic meters 
can sometimes breakdown and fail 
to record consumption data in the 
building management system  
 Double counting individual 
parts manufactured in 
assemblies: in facilities which 
manufacture parts and assemblies, 
there is a risk the number of 
individual parts produced maybe 
double counted in assemblies 
when calculating the annual 
quantity of parts manufactured by 
a facility.  For example, skin wing 
in a wing panel assembly, or a 
shaft component  in a drum 
assembly, etc.  
 Average energy intensity 
per hour assumed: in 
reality the energy intensity 
of manufacture varies from 
process to process, time of 
the year, and part to part.  
 Manufacturing process 
times includes non-energy 
consuming activities: See 
method 1 and 2 
 Estimated annual 
production hours based 
on committed labour 
hours instead of actual 
product manufacturing 
times: some stakeholders 
may interpret production 
hours as labour hours 
recorded by the facility and 
use this figure for energy 
calculations. For some 
facilities, labour hour’s 
matches the actual number 
of hours committed to 
manufacturing the part. 
However, in most cases, 
labour hours is significantly 
more than  production (or 
manufacturing) hours 
 Missing energy meter 
readings: see method 3a 
 Average energy intensity 
per kg of final product 
weight assumed: in reality, 
the energy intensity of per 
kg of final product weight 
varies from part-to-part. 
However, the energy 
footprint calculation is 
proportional to the weight 
of the part (i.e. lower the 
weight, lower the energy 
footprint) which does not 
always follow in actual 
measurements  
 Buy-to-fly ratio ignored: 
some parts have very large 
buy-to-fly ratio which is an 
indication of the amount of 
machining energy required 
to transform the part from 
billet to final piece. In some 
case, a part may have close 
to 90% of the billet weight 
machined, indicating a 
significant use of 
machining energy 
 Missing energy meter 
readings: see method 3a 
 Material removed/swarf 
generated by machining 
processes:  the amount of material 
removed per machining operation is 
unavailable. As such, the method 
assumes the same amount of 
material is removed per machining 
operation or proportional to 
processing time. In reality, the 
amount of material removed/swarf 
generated varies from process-to-
process.  
 Assuming processes operate 
continuously: in reality, processes 
may not continuously run from start 
to finish 
 Use of proxy materials: for special 
metals not contained in the 
databases, closest matching proxy 
materials based on material 
characteristics were used. However, 
proxy materials may have different 
machining energy use 
characteristics in comparison to the 
actual material.  
 Specification of different types of 
machining: users specify type of 
machining (e.g. coarse, fine, and 
non-conventional) based on their 
understanding of the processes. 
However, energy use between 
different types of machining can 
vary significantly if incorrectly 
specified.  
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As shown in Table 4.16, it is clear there are several inherent uncertainties associated with the methods related 
to data collection and calculation procedure. These types of uncertainties are not captured in quantitative 
analyses but are important to note in the interpretation of results.  For example, any method implemented will 
involve making several assumptions, use of averages, and potentially contain data gaps filled with proxy data. 
Relying on quantitative indications of uncertainty is perhaps unwise as they focus on the variability of results 
and may overlook, for example, how neglecting certain aspects may impact interpretation and the certainty of 
results.  The qualitative uncertainty analysis brings to attention the need to combine both qualitative and 
quantitative uncertainty information for interpreting results and making informed decisions.      
 
Evaluation of implemented methods for use across the aerospace supply chain 
 
Methods were assessed against criteria such as utility/benefits, practical implementation issues, data 
availability, and major sources of uncertainty to evaluate overall suitability. Based on industry observations 
and feedback from piloting companies, Table 4.17 summarises major findings and evaluates the 
implementation and overall suitability of methods 1-4. Recommendations for improving individual methods 
are also given.  
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Table 4.17: Evaluation of implementing methods to calculate manufacturing energy of aerospace parts based on industry observations and 
feedback from piloting companies 
 Methods for calculating the manufacturing embodied energy content of aerospace parts 
Bottom-up Top-down Generic database 
Direct 
measurement 
Theoretical 
calculation 
Facility level 
allocation based 
on quantity parts 
manufactured  
Facility level 
allocation 
based on 
production 
hours 
Facility level 
allocation 
based on 
weight of 
parts 
manufactured 
Approximation 
based on generic 
data 
Method 1 Method 2 Method 3a Method 3b Method 3c Method 4 
Benefits  Energy consumption 
information is 
highly reflective and 
specific to 
manufacturing the 
selected part 
 Energy hotspots are 
identifiable for 
driving and 
benchmarking 
process and 
environmental 
improvements  
 Energy consumption 
information is 
reflective and specific 
to manufacturing the 
selected part 
 Approximate energy 
hotspots are 
identifiable for 
driving process and 
environmental 
improvements  
 Data available and quick 
to implement  
 Data  available and 
quick to implement 
 No discernible 
benefits 
 Data about 
manufacturing process 
times and buy-to fly ratio 
of parts easily available 
 Energy hotspots are 
identifiable for driving 
and benchmarking 
process and 
environmental 
improvements 
 More cost effective to 
implement in comparison 
to bottom-up methods 
 Comparable to method 1 
and more accurate than  
method 2 
Practical 
implementation 
issues  
 Could not data log 
all processes  
 Highly time 
consuming to 
implement  
 Data logger could 
not be fitted on 
some machines due 
to space constraints  
 Compressed air and 
steam use could not 
be data logged and 
allocated to the part 
as this is supplied at 
a site level 
 Some machines are 
old or do not have 
peak power rating 
labelled on the 
machine 
 Time consuming to 
implement 
 Use of steam for wet 
process tanks couldn’t 
be metered at the 
process level. Energy 
consumption was 
therefore calculated 
via complex heat loss 
and gain calculations 
 Data is disparate and 
stored in multiple 
databases and across 
multiple production and 
energy management 
functions 
 Data is disparate 
and  stored in 
multiple databases 
and across multiple 
production and 
energy management 
functions 
 Data about the 
total weight of all 
parts manufactured 
was unavailable, 
not widely 
recorded, or 
disparate.  
 Limited generic data 
availability for the wide 
range of general and 
specific aerospace 
manufacturing processes  
Major sources of 
uncertainty  
 Data gaps in 
recording energy 
consumption of all 
processes  
 Use of theoretical 
calculations to fill 
data gaps  
 Processes rarely 
operate continually at 
peak power rating  
 Listed unit process 
times include non-
energy consuming 
activities (e.g. set-up, 
inspection, etc.) but 
methodology assumes 
energy is consumed 
for the entire duration 
of the listed process 
time  
 In some cases, listed 
process times are 
estimations and actual 
process times could 
be significantly 
longer/shorter 
 All parts manufactured 
by the facility are 
assumed to consume the 
same amount of 
manufacturing energy 
 In practice, the energy 
footprint between parts 
vary significantly (e.g. 
small bracket vs. large 
skin wing) 
 All parts 
manufactured by 
the facility are 
assumed to 
consume the same 
amount of 
manufacturing 
energy per hour of 
production.  
 In practice, the 
energy intensity to 
manufacture 
products can vary 
significantly 
 Total material 
removed (or buy-
to-fly) ratio 
ignored 
 Inaccurate as 
material removal 
normally involves 
energy intensive 
machining  
 
 Proxy materials used for 
special metals 
 Rooted in manufacturing 
times and material 
removal rates 
Recommendations 
for improving 
method  
 Supplement data 
gaps with theoretical 
calculations for 
LEVs, compressed 
air use, and wet 
processes as the 
energy demand for 
these processes are 
generally consistent 
and negligible 
 Data log processes 
known to have a 
variable energy 
demand, e.g. 
machining and oven 
drying processes 
 If sub-metering data 
is available for a set 
of processes, e.g. wet 
process tanks or 
ovens, then a 
modified top-down 
approach at the 
process level can be 
applied. For example, 
the annual energy 
consumption of an 
oven divided by the 
amount of parts 
processed by the oven 
annually to obtain an 
average   
 If data is available, 
applying the 
methodology at a cell 
level may improve 
specificity of results  
 If data is available, 
applying 
methodology at cell 
level may improve 
specificity of 
results 
 Track weight of 
manufacturing all 
parts as part of 
existing processes  
 Expand database and 
establish generic data 
models (or agreed 
standards for creating 
new models) for 
common aerospace 
manufacturing processes 
such as over drying, 
painting, chemical 
treatment, and washing.  
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Table 4.17: Evaluation of implementing methods to calculate manufacturing energy of aerospace parts based on industry observations and 
feedback from piloting companies (Continued) 
 Methods for calculating the manufacturing embodied energy content of aerospace parts 
Bottom-up Top-down Generic database 
Direct 
measurement 
Theoretical 
calculation 
Facility level 
allocation based 
on quantity parts 
manufactured  
Facility level 
allocation 
based on 
production 
hours 
Facility level 
allocation 
based on 
weight of 
parts 
manufactured 
Approximation 
based on generic 
data 
Method 1 Method 2 Method 3a Method 3b Method 3c Method 4 
Overall 
suitability for 
use as a single 
industry 
method for 
declaring 
product 
manufacturing 
energy 
footprints 
 
(based on 
industry 
observations 
and feedback 
from piloting 
companies) 
 Unsuitable  
 Costly and 
impractical 
 Unsuitable  
 Inaccurate and limited 
data availability 
 Unsuitable  
 Although data is widely 
available, method is 
viewed to be inaccurate 
as all parts are averaged 
and assumed to consume 
the same amount of 
energy for manufacture  
 Suitable  
 Data widely 
available and 
method is perceived 
to be more accurate 
as it is based on the 
individual 
production hours of 
a product, although 
the method has 
limited business 
application  
 Unsuitable  
 Data generally 
unavailable and 
inaccurate as only 
final weight of 
product is 
considered. Buy-
to-fly ratio is 
ignored.   
 Unsuitable but 
potentially suitable in 
the future 
 Method is unsuitable in 
current form because 
generic data is 
unavailable for the wide 
range of aerospace 
manufacturing processes 
 However, comparability 
with method 1 based on 
limited research shows a 
large scope for cost-
effectively supporting 
business activities such as 
energy hot spotting as 
well as meeting the 
external requirement for 
reporting information. As 
the method utilises 
existing 
production/reference 
data, there is also scope 
to automate and integrate 
the method with existing 
manufacturing workflows 
 
 
Discussion of results with regards to meeting the primary research objective of selecting a single method for 
measuring the energy consumption PBEI for use within the aerospace industry is given in the next section. 
 
4.6 Results discussion – evaluation and selection of a single method 
The objective of this chapter was to test and select a single industry method for measuring the energy 
consumption PBEI. The industry case studies are evaluated in terms of selecting a single method suitable for 
use across the aerospace industry, including key learnings and challenges that emerged from the research. 
Specific discussions related to the contribution to knowledge and the impact that the research may have on 
industry are expanded in Section 4.6.1.  
 
The purpose of implementing methods on selected case study parts was mainly to:  
 
1. Gain an empirical understanding of how practical each method is to implement in manufacturing 
environments 
2. Determine  potential differences (if any) in results 
3. Understand the potential uncertainties of each method and interpretation of results 
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Full reports detailing feedback sessions held with companies A-C on the implementation and suitability of 
methods 1-3 can be respectively found in Appendix O-Q, whilst the report to the industry consortium 
containing the cross-examination of the aforementioned feedback sessions is contained within Appendix R. 
The case study implementation highlights several issues with practically calculating and reporting the 
manufacturing energy footprint of products using the four identified methods. Data for implementing top-
down approaches (i.e method 3, facility level allocation) are generally readily available and so practical for 
use across the aerospace supply chain as a single reporting standard. However, the data is too generic and high 
level for the identification of product improvement and environmental impact reduction opportunities. 
Therefore top-down approaches are limited to meeting external reporting requirements for eco-labelling 
products.  Bottom-up approaches (i.e. method 1 and method 2) provide more versatile and product specific 
information, but the cost and practicalities of implementing these methods need to be balanced with the need 
for such granularity and accuracy. The limited implementation of method 4 shows strong comparability with 
method 1 (and therefore represents a potentially more cost effective option for both supporting businesses to 
identify energy and cost reduction opportunities alongside external reporting), it is however unsuitable as a 
direct substitute for the other methods unless the available process data can be appropriately expanded. Given 
evolving manufacturing practices and technologies, data gaps in generic databases are always likely to remain. 
In this case, moving towards a method primarily based on the use of generic data but supplemented by the use 
of direct measurements (method 1) may offer a feasible and aspiration option for the industry in meeting 
external reporting requirements and driving product improvements.  
Regarding selection of a single industry method for immediate use, research findings clearly point to 
suggesting the use of method 3, facility level allocation based on production hours, as being most suitable for 
immediate use: it is quick to implement, data is widely available, and there is consensus amongst the piloting 
companies that it gives a more product-specific indication of energy use in comparison to allocations based on 
weight or quantity of parts manufactured. Quotes captured from the feedback sessions supporting the adoption 
of method 3 for industry wide use are given below.  
 
“top – down approaches are adequate for reporting as the data is easily 
available….if you go to a SME and ask: ‘what is your total capacity for this year. 
How many hours are you expecting to discharge’? Most of them should be able to 
tell you. That data should be available as they should be thinking about it as part 
of their planning (production rates, how many people to employ, machine tool 
assets required)”, Company A (2016). 
“I think method 3 using production hours can be rolled out and easily reported 
against…business would record this information from an operational point of 
view. If you know the production hours of your facility, and standard hours of 
your part, that should give you a better feeling of energy used to manufacture the 
part, whereas weight and number of parts doesn’t seem representative” , 
Company B (2015). 
“Method 3 makes sense for use as a first pass [for understanding energy use and 
hot spots]. There is some logic in using hours. That one [method 3, allocation 
based on production hours] is probably the best out of the three [allocation 
approaches] as data is easily available”, Company C (2016). 
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With regards to the usefulness of methods for adding business value, all manufacturers share the same view 
that method 1, direct measurement, is the most accurate/product specific method for identifying energy and 
environmental improvement opportunities. However, the method is too costly and impractical for roll out 
across multi-tiered, global, product supply chains. Whilst method 2 can assist with identifying energy hotspots 
in manufacturing process lines without the need for direct measurement, there is general consensus that it is 
similarly time consuming and also highly inaccurate. method 2 in its present form is rooted in assuming peak 
energy loading/ratings, but in practice manufacturing operations rarely operate at peak loading continuously 
and therefore the method is inaccurate. On average, method 2 produced results three times higher than method 
1. It is important to note that method 1 and method 2 would fall under the class of using site specific/primary 
data in most standards. However, the observed differences indicate it would be unwise to adopt method 2 as a 
comparable replacement for direct measurement.  
Comparability of methods 
 
The comparability of methods, i.e. does the use of different methods produce similar or significantly different 
results, was also explored to inform selection of a single method. Results show significant differences when 
different methods are used for calculating the manufacturing energy of products. The maximum observed 
difference between the pair-wise comparisons of two methods was found to be a factor of 10 (i.e. an error in 
the order of one magnitude). While these findings are somewhat axiomatic, the research has shown 
empirically for the first time potential errors associated with the use of different methods. These differences 
suggest standards involving the use of multiple methods may indeed proliferate the declaration of 
incomparable information rather than engender comparability. Differences between methods are largely 
attributable to the inclusion/exclusion of background processes. Bottom-up methods exclude background 
processes and energy use (e.g. lighting and HVAC). In contexts whereby multiple methods have been utilised, 
correction or conversion factors could be developed to bridge differences between bottom-up methods and 
top-down methods to enable comparisons. However, it is unclear if such differences can be bridged without 
further empirical research investigating the viability of such an option.  
Uncertainty of methods  
 
The uncertainty analysis further reveals several caveats regarding use of methods and interpretation of results. 
Overall results indicate varying levels of uncertainty between methods (ranging from high to low). Key 
findings include:   
 
 Method 1 and Method 4 are highly comparable with relatively low levels of uncertainty: For 
Part A and C, the use of generic data was found to be highly comparable with direct measurement 
regarding machining energy use and supports initial findings. However, the strong comparability 
between method 4 and 1 could be because the method 4 estimate is based on primary data about 
the case study parts (i.e. process times and material removal rates) and a good match between the 
actual manufacturing process and generic manufacturing process listed in the database. Although 
collection of basic and easily available primary data about the product cannot be avoided to make 
an energy consumption estimate based on generic data, generic data still offers a potentially more 
cost effective but similarly accurate option in comparison to method 1. However, it is unclear if the 
strong comparability between generic data use and direct measurement will follow for other 
generic manufacturing process without further research (e.g. oven drying, wet processes, painting, 
etc.). 
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 Regarding the choice of top-down approaches, facility level allocation based on production 
hours has a higher level of uncertainty in comparison to allocation based on annual quantity 
or weight of parts produced. Although method 3 (production hours) was found to be the most 
suitable and favoured method for industry wide use from the feedback sessions, the uncertainty 
analysis reveals large uncertainties associated with the method. Therefore any product 
manufacturing energy footprints declared using this method must be interpreted with caution as 
results could vary significantly in comparison to the use of other top-down approaches.  
 
 Regarding the use of bottom-up methods, Method 1 has a lower level of uncertainty in 
comparison to Method 2: Method 2 is generally more variable in comparison to method 1, 
although method 1 and method 2 results could be under/over reported by a factor between 2 and 3. 
The high variability of method 2 is attributable to the method involving more variables and 
assuming processes operate at peak kW ratings. Although bottom-up methods such as direct 
measurement and theoretical calculation provide process specific information, the large difference 
between the two methods may over/under estimate actual cost and environmental benefits   
 
Overall, the above findings suggest the need for uncertainty to be considered in any reporting system to ensure 
the fair pair-wise comparisons of product energy footprints. Development of uncertainty factors/weightings in 
future research (such as that used in GHG protocol standard for carbon footprint calculations) for each method 
may assist with indicating and understanding the potential error/variability of methods and obviate the need 
for time consuming uncertainty analyses.   
Conclusion and recommendations 
In summary, research results indicate that method 3, facility level allocation based on production hours, is the 
most suitable method for immediate industry use because data is readily available and it is quick to 
implement. However, based on industry feedback and the strong comparability between direct measurement 
and generic data use, this thesis makes the following industry recommendation regarding aspirational choice 
of method:  
• Move towards the use of generic data for reporting the manufacturing energy footprint of 
products as the aspirational goal of the industry: based on limited findings, generic data is 
potentially more cost-effective to implement in comparison to method 1 for external reporting, but 
also provides the level of granularity needed for identifying energy hotspots and cost-reduction 
opportunities. Development of robust generic data models and data sets for aerospace 
manufacturing processes might offer a more consistent approach for the declaration of product 
based energy information. of direct measurements (method 1) may offer a feasible and aspiration 
option for the industry in meeting external reporting requirements and driving product 
improvements.  
4.6.1 Contribution to knowledge, industry practice, and policy   
The overall contribution to knowledge is the development of methods and learnings derived from the process 
undertaken to determine them. The research claims several major contributions to knowledge, industry 
practice, and outcomes of significance for informing the development of effective polices and standards which 
benefit businesses as well as the broader environment and society. These are: 
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1. Major differences in results from the use of different methods for inventory development: 
the application of top-down methods and bottom-up methods do not produce the same results, i.e. 
direct measurement is not the same as facility level allocation of energy to parts. Differences can 
potentially be in the order of one magnitude. These findings are consistent with some discussions 
in the literature which suggest the use of different methods leads to different results (e.g. Barnett 
et al, 2012). As energy consumption is a key data point in calculating costs and environmental 
impacts (e.g. Global Warming Potential), these differences can be significant for comparing 
information, informing decisions, reporting information externally, and understanding risks along 
the supply chain.  Although the thesis provides some useful empirical and quantitative insights, 
the most important evidence emerging from the research is clear: the use of different methods 
applied well leads to different results and thus incomparability. These findings challenge any LCA 
based standard, guideline, or policy thinking that attempts to engender comparability but allows 
for the use of multiple methods within a fixed framework (e.g. EPDs and PEFs). Currently, the 
use and stacking of different methods is common practice in LCA and product carbon footprints 
(e.g. Bieda, 2012). However, findings indicate the need to cautiously interpret standalone and 
comparative LCAs which have utilised different methods. Given the growing societal and 
legislative attention on reducing the environmental impact of product supply chains (e.g. carbon 
footprints), this finding provides important insights into understanding the uncertainty of data 
collection methods, reliability of LCA results and standards involving the use of inconsistent data 
collection methods. Overall these outcomes highlight the need for further attention on reducing 
methodological inconsistencies to improve the comparability of information.     
  
2. First empirical comparison of methods for calculating product manufacturing energy 
footprints: overall, this is the first study to empirically compare the use of different methods for 
calculating the manufacturing energy footprint of products within an industrial context. A review 
of the literature found no detailed investigation into this area and a need for further research to 
address this gap.  Although limited studies have evaluated product environmental foot printing 
standards conceptually (e.g. European Commission, 2010; OECD, 2009) or compared methods 
used to calculate non-energy indicators such as water (e.g. Kounina et al, 2012), little attention to 
date has been given to quantitatively explore potential differences and feasibility for use across 
complete supply chains.  This study significantly enhances understanding regarding selection and 
use of practical and affordable methods for assessing products’ embodied energy and associated 
business risks within an industrial setting. 
 
3. Real world application and selection of practical methods for calculating the manufacturing 
energy footprint of high value products with global supply chains: research to date has tended 
to focus on the development of indicators rather than implementation into industry practice and 
business decision workflows (e.g. Azapagic and Perdan, 2000; Clift, 2003). The need to further 
explore the gap between theory and application into industry practice for engendering pro-
environmental behaviour and business sustainability has been highlighted by various 
environmental management and product sustainability academics (e.g. Bell and Morse, 2003; 
Baitz et al., 2013). Findings in this thesis enhance understanding on the industrial application of 
methods. Industrial insights for measuring the sustainability of complex product supply chains in 
an affordable and practical manner contributes to the extant literature. Although preferred and 
recommended in the literature and standards, results highlight that direct measurement is 
impractical and costly. It is important to note that some small assemblies contain over 100 
individual parts, and individual parts may involve over 100 manufacturing processes. Impractical 
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and costly recommendations such as direct measurement highlight a lack of investigation by (for 
example) policy makers into the integration of indicators into business and manufacturing 
workflows. Indeed, specification of impractical methods may act as a barrier for industry uptake 
and abate the effectiveness of policy goals and standards. Overall, the investigation into the 
feasibility of implementing a range of methods within complex manufacturing environments adds 
to the literature on understanding challenges associated with measuring quantitative product-based 
environmental indicators in a practical and affordable way. 
 
4. Generic data is potentially comparable with direct measurement (i.e. site specific/primary 
data): evidence from this thesis shows the potential comparability of generic data with direct 
measurement (i.e. primary data). The strong comparability between method 4 and 1 could be 
because the method 4 estimate is based on primary data about the case study parts (i.e. process 
times and material removal rates) and a good match between the actual manufacturing process and 
generic manufacturing process listed in the database in this case. Within the extant literature 
specific data is believed to be more accurate than generic data (e.g. Weidema and Wesnaes, 
1996.).  There is, as such, a large potential scope to replace expensive primary data collection for 
more cost-effective and practical generic data for assessments/informing decisions (e.g. for eco-
design). Current findings enhance understanding regarding the type of data used and will serve as 
a future basis for the development of more reliable generic databases.  
 
5. Uncertainty comparison of implemented methods: hitherto the specific implementation and 
relative uncertainty of a range of methods for calculating the manufacturing energy footprint of 
parts was unavailable in the literature. As the manufacturing energy footprint of a part is a key 
data point in LCA and carbon footprint calculations, the research outcomes provide significant 
quantitative and qualitative insights regarding choice of method and understanding uncertainty for 
informing decisions.  
 
Additionally, there are a number of significant contributions which benefit and advance aerospace 
industry practice. These are as follows:  
 
1. Industry agreed method for calculating the manufacturing energy footprint of aerospace 
products for external reporting:  the overall impact and benefit of the research to the ADS 
industries is a single, practical, and common method for cost-effectively measuring the energy 
consumption product-based environmental indicator which meets the informational requirements 
of a wide range of stakeholders and potential end-uses.  The method is agreed by an industry 
consortium comprised of major aerospace OEMs and so demonstrates industry buy-in for the 
adoption and use of the method across the industry.  
 
2. Industry consortium input and research for informing the development of national and 
global aerospace standards: overall findings provide consolidated industry input as well as 
academic insights/key learnings for the potential development of global reporting standards.  
 
3. Cross-over learnings and method for use in other sectors with similar products/value chain 
characteristics:  the method agreed in this thesis for calculating the manufacturing energy 
footprint of products is potentially suitable for use in other manufacturing sectors. ADS products 
are high value, have long production runs, and involve global and multi-tiered supply chains. The 
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case studies detailing the implementation of methods with Airbus Group, Bombardier Aerospace, 
and Rolls-Royce will support other industries with similar products/value chain characteristics to 
understand the generic issues in establishing industry agreed methods for measuring the 
environmental aspect of product sustainability (e.g. railway and automotive industry).      
 
The contributions to knowledge and industry practice also have several implications for developing 
policies and existing environmental declaration standards. These are as follows:   
 
1 Current standards and developing EU policies for the declaration of life-cycle based 
information proliferate incomparability rather than engender comparability (e.g. EU PEFs and 
EPDs): current standards and developing policies for the creation and declaration of product-based 
environmental information, i.e. EPDs and PEFs, are founded on principles such as comparability, 
consistency, transparency, and reliability. Users are presently allowed to make their own 
methodological choices for calculating the manufacturing energy footprint of products. Clear 
preference is also given to the use of site-specific data for manufacturing related activities in the 
majority of standards and academic literature. This thesis has shown that the choice of methods is 
significant and produces different results. As highlighted previously, the difference in the pair-wise 
comparison of two methods could be in the order of one magnitude (i.e. 10 times higher). These 
findings have clear implications for the development and application of EPDs and PEFs. EPDs and 
PEFs that have used and stacked multiple methods in the acquisition of LCI information bring into 
question the reliability of eco-labels/environmental declarations for informing decisions or comparing 
products. Findings overall highlight the need to re-evaluate current policy thinking/standards and 
explore the specification of more prescriptive methods for LCI/LCA data to engender comparability.  
 
2 There are multiple and varying methods based on the use of site specific/primary data but these 
produce different results: Method 1 (direct measurement), method 2 (theoretical calculation), and 
method 3 (facility level allocation of energy use) are all based on the use of primary/site specific data. 
Research findings overall indicate it would be unwise to assume any of these methods are comparable 
or interchangeable as they consistently produced different results when applied to calculate the 
manufacturing energy footprint of parts. However, most standards currently specify data quality 
requirements for only the use of primary/site specific data (e.g. measurement of manufacturing stage 
must use primary data) but do not prescribe specific methods to follows. These learnt insights 
highlight the need to revisit the specification of data quality requirements in existing standards and 
policy thinking (e.g. EPDs and PEFs). Findings also demonstrate significant differences in the cost 
and practicality of implementing methods. Additionally, the high comparability between method 1 
and generic data also highlights the need to rethink attitudes towards generic data inaccuracy. These 
learn insights will further support the development of suitable environmental policies and standards.   
 
4.7 Chapter summary  
This chapter has presented and discussed research aimed at establishing a single industry consortium agreed 
method for measuring the energy consumption PBEI. Four potential methods common in the literature and 
aerospace industry were identified. These were: (1) direct measurement, (2) theoretical calculation, (3) facility 
level allocation, and (4) approximation based on generic data. Although the scope and data requirements of 
methods varied, no research into the comparability of methods (i.e. do they produce similar results) and 
feasibility for industry wide use as a single method was available for making an informed decision. Three case 
study parts manufactured by Airbus Group, Bombardier Aerospace, and Rolls-Royce were subsequently 
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selected to test implementation of methods 1-4 in industry practice and guide selection. Based on completed 
research and feedback from the industry consortium, the following key conclusions and recommendations 
regarding selection of a single method for measuring the energy consumption PBEI were ascertained:   
• Method 3, Production Hours, was found to be the most suitable and preferred “single” 
method for externally reporting and measuring the energy consumption product-based 
environmental indicator for immediate use: Method 3 (production hours) was quick to 
implement and based on widely available industry data, and so suitable for immediate industry 
wide use. However, the large data uncertainties and usefulness of this method outside of external 
reporting limits ability for driving energy efficiency and reducing environmental impact.  
• Method 1, direct measurement, is still preferred and viewed as the most accurate and useful 
method for driving energy efficiency and reducing environmental impacts: Bottom-up 
approaches provide more versatile and product specific information for identifying energy hotspots 
and driving energy and environmental improvements. However, the cost and practicalities of 
implementing method 1 makes it unfeasible for industry wide use and therefore needs to be 
balanced with the need for such granularity and accuracy.  
• Factor of 10 difference between different methods: Research findings show methods are 
incomparable and produce significantly different results when applied to calculate the 
manufacturing energy footprint of the same part. Potential errors in the order of one magnitude 
between the uses of two methods were found and can have a significant detrimental impact on 
understanding energy use, environmental impacts, reporting information, and ultimately informing 
decisions. While this provides some useful empirical and quantitative insights regarding potential 
differences, the most important point to note is that that the use of inconsistent methods leads to 
incomparable information.   
• The use of generic data is potentially comparable with direct measurement (Method 1) and 
so may support businesses to cost-effectively identify energy hotspots, as well as meet the 
requirement to externally declare the manufacturing energy footprint of products: This is 
contrary to current thinking in the literature and requirements set out in standards which favour the 
use of specific data (i.e. primary data) over generic data (i.e. secondary data). There is a general 
attitude that specific data is more specific to the product. However, research findings indicate a 
high level of comparability between the use of generic data and direct measurement for machining 
and grinding processes. These limited findings indicate potential scope to replace expensive 
primary data collection with more cost-effective generic data and support the uptake and 
integration of environmental considerations in standard business practices 
Based on the above key conclusions, the research makes the following recommendation to industry and 
for further research:  
• Move towards the use of generic data for reporting the manufacturing energy footprint of 
products as the aspirational goal of the industry. Research findings suggest generic data is 
potentially more cost-effective to implement than method 1, both in terms of results and utility, 
whilst still being comparable. It has the potential to meet industry requirements to externally report 
information but also provide the level of granularity for identifying energy hotspots and cost-
reduction opportunities. Development of robust generic data models and data sets for aerospace 
manufacturing processes might offer a more cost-effective and consistent approach for the 
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declaration of product based energy information. Research presented in this thesis may provide 
and support the basis for the development of aerospace environmental databases.  
• Develop correction factors to account for background energy use: differences between 
methods are largely attributable to the inclusion/exclusion of background processes. Bottom-up 
methods exclude background processes and energy use (e.g. lighting and HVAC).  Correction or 
conversion factors could be developed to bridge differences between bottom-up methods and top-
down methods in contexts whereby multiple methods have been utilised, notwithstanding the 
finding that use of multiple methods leads to the proliferation of incomparable information.  
• Increase sample size and the range of products investigated to validate findings:  while the 
case studies have been researched in depth, findings are based on a limited sample size of three 
aerospace parts. As such, the inclusion of other parts or types of facilities may either validate or 
significantly affect results and thereby the conclusions reported.    
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Chapter 5: Development and selection of a 
method for measuring the "access to resources 
(A2R)” product-based environmental indicator 
This chapter presents the research carried out to develop an industry consortium agreed method for 
measuring the “access to resources (A2R)” product-based environmental indicator (PBEI). For 
research purposes, the A2R indicator was defined by the industry consortium as the following:   
 
“Access to resources is the availability or supply of non-energy and non-food resources of economic 
importance to the manufacture and use of products from the ADS industries. This includes (but not 
limited to) the use of scarce metals, Rare Earth Elements(REE), conflict  metals, recycled materials, 
and other metals considered “critical” (ADS DfE WG, 2015). 
 
Measuring the A2R indicator is ultimately based on carrying out a desk study using data from several 
material databases. For this reason, the research focused on agreeing the methodological basis for 
measuring the indicator rather than testing the method in industry practice as the process for data 
collection would be the same regardless of the case study part or company.  
 
Little research around measuring A2R at the product (i.e. not business or industry level) has been 
carried out within the context of specifically the aerospace industry. Supply risks and materials 
criticality as a topic, however, has been widely researched (e.g. Erdman and Graedal, 2011). 
Additionally, little research has been carried out to specifically define industry requirements and 
explore the selection of suitable methods for measuring the A2R product-based environmental 
indicator for use within the aerospace industry. As such, the research aimed to initiate the 
development of suitable methods by:   
  
1. Defining industry requirements for the development of suitable methods for measuring A2R 
within the aerospace industry (including a literature review to explore  potential methods and 
approaches towards measuring A2R at the product level alongside recommendations for 
further research) 
2. Following 1, define a method for measuring the A2R product-based environmental indicator 
based on learnings from the literature review and engagement with the industry consortium 
 
The chapter is structured as follows. Section 5.1 introduces the industry rationale for indicator 
selection and importance of measuring the indicator for business and the environment. Section 5.2 
presents the initial literature review carried out to understand current academic thinking and potential 
methods for measuring A2R within the aerospace industry. Several possible supply risk indicators and 
methodological options for measuring A2R are identified and discussed here. Section 5.3 presents the 
action research process followed to agree selection of supply risk indicators and methodological 
choices for measuring the A2R indicator with the industry consortium such that they are practical and 
support decisions. Section 5.4 then presents the results of the workshop held with the industry 
consortium and provides some commentary on the supply risk indicators and methodological choices 
agreed for measuring A2R. Discussions within the context of meeting the overall research objective, 
including key learnings, issues, and challenges that emerged from the research, are also given. Section 
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5.4.1 specifically discusses research findings within the context of contributing to knowledge and 
industry impact. Major implications for understanding and comparing supply risk information, the 
methodological basis of calculating supply risk scores, and informing the development of effective 
product-based environmental policies which benefit businesses as well as broader society are also 
discussed. Finally, Section 5.5 provides a summary of the chapter and the key conclusions and 
recommendations emerging from the research with regards to meeting the overall research objective 
and development of a single industry method for measuring the A2R PBEI.  
 
5.1 Introduction - ADS industries rationale for indicator selection  
The access to resources (A2R) product-based environmental indicator was selected for several 
reasons. As manufacturing companies centre on the transformation of raw materials into high value 
products for sale, it is important to understand "material risks" at the product-level to safeguard 
business continuity against hazards arising from competition for resources, price volatility, and 
potential interruptions in material supply. Within the ADS industries, stable access to resources is a 
requirement for maintaining the production of high value products and safety performance standards 
(ADS DfE WG, 2015). However, increasing global demand and attention on the environmental and 
social impact of material extraction are affecting the long term stability of material supplies (e.g. 
Alonso et al., 2012; Rogers and Feiss, 1998).   Being able to identify materials within the value chain 
that present significant risk to supply continuity is necessary for businesses to manage risk effectively.  
 
Material security has been widely researched within the ADS industries and historically managed 
internally by aerospace companies to prevent supply chain breakdowns (e.g. JRC, 2016; Lloyd, 2013). 
However, growing interest from external stakeholders for product risk and environmental related 
information (e.g. customers, suppliers, and investors) have led to a nascent business and industry 
requirement to externally communicate and integrate into internal practices for various reasons  (e.g. 
eco-design, risk management, awareness, policy research,  etc.). However, there is presently no 
industry agreed method for measuring A2R at specifically the product level. This limits the ability of 
the ADS industries to cost effectively evaluate, reduce, and report material supply risks and impacts 
on business continuity at the product level, despite growing business attention. To address this, 
organisations within the ADS industries need consistent, transparent, and accessible data on the 
factors affecting material supply to feed into criticality assessments, such as changes in demand, 
supply concentrations, environmental and social impact of extraction, political effects, and/or the 
availability of substitutes. 
 
Finally, the opportunity to contrast the A2R indicator with the energy consumption indicator (and 
research potential challenges associated with measuring and reporting against an indicator which is 
qualitative in its nature and global in its scope) also provided the academic and industry rationale for 
indicator selection by the industry consortium.   
5.2 Literature review - Methods to measure access to resources 
5.2.1 Method 
To understand industry requirements for the selection and suitability of methods, the ADS DfE 
industry position paper on “access to resources” was used as the initial descriptor of requirements 
(contained within Appendix B).  An initial desk based study was undertaken to assess the current 
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thinking on this topic. Sources included, but were not limited to, journal papers, geological surveys, 
commercial databases, and governmental, consultant, and research consortium reports.  
5.2.2 Definitions and methods for assessing A2R 
Although often discussed together, it is important to firstly differentiate between ‘access to resources’ 
and ‘materials criticality’.  “Access to resources” is synonymous with assessing and understanding 
only supply risks (e.g. Clifton et al., 2013; Graedel et al., 2012; DEFRA, 2010; European 
Commission, 2010). Materials’ criticality, on the other hand, is a wider concept that takes into 
consideration supply risk and the economic impact of supply restrictions at a corporate, nation, or 
global level (e.g. Graedel et al., 2012; Lloyd et al., 2012; European Commission, 2010). Figure 5.1 
shows a typical material criticality matrix for scoring a material’s criticality following an evaluation 
of a material’s supply risk and the impact of supply restriction. Note the darker the colour the more 
“critical” is the material.  
 
 
Figure 5.1: Criticality matrix showing the two main factors that determine the scoring of a material’s criticality (Source: U.S. 
National Research council, 2008) 
A material is thus said to be “critical” if it has a high supply risk and the economic impact of supply 
restriction is high (e.g. Moss et al., 2011), i.e. in the top right hand corner of Figure 5.1. As such, it is 
clear the assessment and scoring of materials’ criticality is highly subjective and context dependent. 
The economic impact, risk tolerances, and the ability of businesses to respond to supply restrictions 
will invariably vary from company-to-company and thus not possible to posit in absolute terms for all 
aerospace companies. Therefore, material criticality scores from studies based on impacts to a specific 
region or technology (e.g. the 2010 European Commission’s report on critical raw materials for the 
EU) are of little relevance to a business seeking to understand the potential economic impacts of 
supply restrictions at the product level and need for mitigation action  (e.g. Lloyd, 2013). A more 
useful approach suggested by Clifton et al (2013) is to assess and provide material supply risk 
assessments in a form suitable for supporting business decision making. For example, providing an 
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overall material supply risk score which businesses can use to feed into internal risk assessments (e.g. 
material criticality assessments) or probability impact diagrams (PIDs) is recommended (Clifton et al, 
2013, Lloyd, 2013). Given the above, this report focuses on methods available within the literature for 
assessing material supply risks.  
 
A survey of the literature reveals several material criticality studies which range in scope, method, and 
indicators selected for assessing supply risk. Table 5.1 presents and summarises 10 major and widely 
consulted studies identified from the literature survey. Other similar studies are potentially available 
in the literature but the reviewed 10 are considered to cover the range of methods and indicators used 
for assessing supply risks based on discussions with experts (A. Clifton, personal communication, 
October 10 2016; J. Goddin, personal communication, October 17 2016). 
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Table 5. 1: Studies and selection of indicators for assessing supply risks 
Study/methodology Indicators used for assessing supply 
risks 
Goal and scope of study 
Graedel et al, 2012/Yale 
methodology 
1. Depletion time (reserve) 
2. Companion metal fraction  
3. Policy potential index 
4. Human development index 
5. Worldwide governance indicators: 
political stability  
6. Global supply concentration  
Details methodology and 
indicators for assessing metal 
criticality at corporation, nation, 
and global level. Please note 
Graedel  et al (2015) applies the 
Yale methodology and expands 
the assessment’s scope to globally 
rank the criticality of 62 metals 
and metalloids  
Moss et al 
(2011)/JRC (2011)/Critical Metals 
in Strategic Technologies 
1. Likelihood of rapid global demand  
growth 
2. Limitations  to expanding global 
production capacity in the short to 
medium term 
3. Concentration of supply 
4. Political risk related to major 
supplying countries 
Use of rare metals in supply chain 
for low-carbon energy 
technologies. Supply risk of a set 
of metals is assessed.  
 
Granta Design: Critical Materials 
report/Goddin et al, 2014  
1. Abundance risk (very high, high, 
medium, low, very low)  
2. Conflict material risk (high, low, 
none) 
3. Environmental country risk (very 
high, high, medium, low, very low)  
4. Price volatility risk (very high, high, 
medium, low, very low) 
5. Sourcing and geopolitical risk  (very 
high, high, medium, low, very low)  
6. Monopoly of supply (HHI) 0-10000 
7. Maximum price variation (historic 
high price)  
Methodology and indicators for 
assessing material supply risks is 
presented  
Lloyd  et al., 2012 1. Geological measures (depletion 
indices or crustal abundance) 
2. Co-production 
3. Monopoly supply 
4. Political stability 
5. Recyclability 
6. Substitutability 
7. Environmental impact 
8. Demand changes 
9. Price volatility 
10. Social impact 
Methodology and indicators for 
assessing material criticality and 
supply risks is presented 
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Table 5. 1: Studies and selection of indicators for assessing supply risks (continued) 
Study/methodology Indicators used for assessing supply 
risks 
Goal and scope of study 
European commission, 2010 1. Stability/instability and level of 
concentration of producing 
countries  
2. Substitutability 
3. Recycling  
Criticality of raw materials for the 
EU is assessed.  
U.S Department of Energy, 2010 1. Basic availability  
2. Competing technology demand 
3. Political, regulatory and social 
factors  
4. Co-dependence on other markets  
5. Producer diversity  
Criticality of raw materials for the 
development of clean energy 
technologies is assessed. 
 
Morley and Eartherley, 
2008/Oakdene Hollins, 2008 
1. Scarcity  
2. Monopoly of supply  
3. Political instability of key supplying 
regions  
4. Vulnerability to the effects of 
climate change in key supplying 
regions 
  
  
Criticality of raw materials for the 
UK economy is assessed. 
  
  
  
 
  
  
  
US National Research Council 
(2008) 
1. HHI/Concentration of supply  
2. Recovery of material from old scrap 
3. Import dependence  
4. Reserve to production 
Criticality of raw materials for the 
U.S economy is assessed. 
 
Oeko Institute, 2011 1. Regional concentration of mining 
(share of the global mining) 
2. Physical scarcity (reserves 
compared to annual demand) 
3. Temporary scarcity (time lag 
between production and demand) 
4. Structural or technical scarcity 
(metal is just a minor product in a 
coupled production and 
inefficiencies occur in the mining 
process, production and 
manufacturing) 
Criticality of rare earth metals 
and their recycling towards 
developing a green EU economy 
is assessed 
 
British Geological Survey, 2015  1. Production concentration  
2. Reserve distribution  
3. Recycling rate  
4. Substitutability  
5. Governance (top producing nation) 
6. Governance (top reserve -hosting 
nation) 
7. Companion metal fraction 
Supply risk indexes of materials 
identified as of economic value to 
the UK economy is assessed.  
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As can be seen in Table 5.1, all studies use a range of indicators rather than a single indicator to 
measure material supply risks which is then aggregated. Indeed, many commentators caution the use 
and interpretation of a single indicator for understanding material supply risks (e.g. Goddin et al, 
2014).  For example, geological availability or reserve levels of a material can be a misleading 
indicator. U.S National Research Council (2008) comment: “as reserves become limited, firms have 
the incentive to explore for and develop additional reserves”. In copper’s case, reserve levels have 
remained relatively stable or increased as mining occurs over the past 50 years (Rogers and Feiss, 
1998; Dobra, 2013). Goddin et al. (2014) add: “Some elements which have a low abundance (i.e. an 
abundance risk level of ‘Very High’ are still mined effectively and are sufficiently valuable to justify 
the cost and energy of extraction (for example, gold). Abundance risk does not therefore provide an 
indication of production infrastructure”.  Others add similar caveats regarding the exclusive 
interpretation of a single indicator. For example, a country having a high “import dependence” maybe 
interpreted as high risk but it may indeed be good for the country if the foreign mineral has a lower 
cost in comparison to the domestic mineral and secure international trade agreements are in place 
(U.S National Research Council, 2008).  
 
Although there may not be an immediate concern over long-term material stock levels, all studies 
highlight the need to consider other factors which may affect the access or availability of resources 
(e.g. Morley and Earthely, 2008). The environmental damage of extracting materials, the abuse of 
human rights, or monopolistic production control, inter alia, are often highlighted as bigger concerns 
that may cause material supply (or availability) to become uneconomic, environmentally 
unsustainable, or social unacceptable. Thus there is clearly a need to consider a range of supply risk 
indicators to fully capture the range of issues which may affect the ability to access resources.     
 
However, it is evident the choice of supply risk indicators is subjective, varies from study-to-study, 
and based on the goal and scope of the assessment alongside data availability. Table 5.2 consolidates 
and presents the range of possible supply risk indicators following cross-examination of the 10 
studies. A brief description, method of measurement, and data sources per listed indicator is also 
given. There are potentially other indicators to consider but the presented range is considered to 
represent the likely pool of indicators consulted to assess material supply risks. 
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Table 5.2: Range of material supply risk indicators identified in the literature 
Material supply risk indicators Brief description Unit of 
measurement 
Data 
sources 
Public 
availability 
of data 
Geological Availability/basic availability  Generally, the stock of material 
available within the earth’s 
crust. Other definitions may 
take into consideration 
availability and ability to meet 
demand.  
Tonnes British and 
U.S 
geological 
survey 
Yes 
World Governance Index (WGI)/political risk/political stability  World bank governance index 
(WGI) measures the political 
stability of a producing country 
taking into consideration criteria 
such as rule of law, voice and 
accountability, control of 
corruption, etc.  
0-1, qualitative 
score 
World bank  Yes  
By-product character /co-production risk/companion metal 
production/co-dependence on other markets 
Percentage of a metal that is 
mined as a by-product (Graedel 
et al., 2015). Some rare earth 
elements are exclusively mined 
as by-product-metals (BGS, 
2015)  
% of co-
production from 
primary material 
production 
Nassar et al., 
2015; 
Graedel et 
al., 2015 
Yes 
Herfindahl-Hirschan Index (HHI)/Concentration of supply/monopoly 
of supply/global supply concentration/production concentration 
HHI measures the monopolistic 
power of a country/company on 
a given material. It is a useful 
measure of how competitive or 
concentrated a market is.   
0-10000, 
quantitative 
score 
British and 
U.S 
geological 
survey’s 
contain raw 
data, but 
complete 
HHI scores 
for materials 
can be found 
in Granta 
Design’s 
Material 
Universe 
database 
Yes and no. 
British and 
U.S 
geological 
surveys are 
publicly 
available, 
but Granta 
Material 
Universe is 
a 
commercial 
database  
Competing demand/competing technology demand/ Limitations to 
expanding global production 
Attempts to measure the impact 
of demand changes and 
competition for resources  
1-4, qualitative 
score based on 
supply and 
demand 
projections. 
Methods vary 
between studies. 
Data sources 
unclear 
- 
Substitutability/Ability to substitute  The availability and 
substitutability of materials  
0-1 expert 
judgement 
Data sources 
unclear 
- 
Recycling rate The current global recycling rate 
of common metals 
% United 
Nations 
Environmen
t 
Programme 
(UNEP) 
report on 
“recycling 
rates of 
metal” 
(2011)/Grae
del et al., 
2011  
Yes 
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Table 5.2: Range of material supply risk indicators identified in the literature (continued) 
Material supply risk indicators Brief description Unit of 
measurement 
Data 
sources 
Public 
availability 
of data 
U.S. import dependence Measures U.S dependence on 
foreign material imports.  
% , net import 
reliance as a 
percentage of 
U.S. 
consumption. 
 
  
 
U.S 
Geological 
Survey 
Yes 
Recovery of material from old scrap  Measures the amount of 
material recovered/recycled 
from discarded products.  
% of overall 
material 
consumption at 
national or 
regional level 
(e.g. European, 
U.S., etc., ) 
Data sources 
unclear 
- 
Depletion  time/ static depletion index/reserve to production ratio Measures the amount of years to 
deplete known reserves based 
on amount produced/extracted 
per year 
Years British and 
U.S 
geological 
survey 
Yes 
Vulnerability to climate change The vulnerability of the 
supplying country to future 
climate change 
1-3, qualitative 
assessment on a 
heat map 
showing regions 
most at risk from 
climate  change 
German 
Advisory 
Council on 
Global 
Change 
WBGU 
(2007): 
Climate 
Change as a 
Security 
Risk 
Yes 
Price  volatility  Price volatility reflects historic 
fluctuations in the price of a 
material as sold on the open 
market, and is calculated as the 
percentage difference between 
the maximum and minimum 
price (in USD/kg) over the past 
five years, relative to the 
minimum price (Goddin et al., 
2014) 
%, Ratio 
between max 
and min price 
over last 10 
years 
Multiple 
data sources 
containing 
global 
metal/comm
odity prices 
(e.g. 
Metalprices.
com, 
investmine.c
om, etc.,) 
Availability 
and cost of 
historical 
prices data 
vary 
between 
sources and 
metals (e.g. 
some 
require 
subscription 
access) 
Human Development Index (HDI)/social impact HDI is an aggregated indicator 
which summarises a countries 
performance in areas such as 
life expectancy, education, and 
overall standard of living. 
0-1, score 
following 
quantitative and 
qualitative 
analysis 
United 
Nations 
Developmen
t 
Programme 
(UNDP) 
Yes  
Policy potential index(PPI)-regulatory  PPI is an aggregated indicator 
which measures the overall 
policy attractiveness of mines 
for investors following 
examining a range of 
environmental, social, taxation, 
and governmental issues and 
regulations.  
0-100, following 
quantitative and 
qualitative 
analysis 
Fraser 
Institute  
Yes 
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Table 5.2: Range of material supply risk indicators identified in the literature (continued) 
Material supply risk indicators Brief description Unit of 
measurement 
Data 
sources 
Public 
availability 
of data 
Abundance risk Measure the abundance or 
scarcity of a material within the 
earth’s crust. This is measured 
differently to  geological 
availability/basic availability 
which ignores scarcity 
Abundance of 
material in earth 
crust measured 
in part per 
million by mass 
(ppm) 
CRC 
Handbook 
of 
Chemistry 
and Physics 
or Granta 
Material 
Universe 
database  
No 
Sourcing and Geopolitical Risk A modified version of HHI 
incorporating WGI to measure 
geopolitical risk (Goddin et al., 
2014) 
1-4+, 
quantitative 
score 
Granta 
Material 
Universe 
database 
No 
Environmental Country Risk A modified version of HHI 
incorporating Yale’s 
Environmental Performance 
Index (EPI) account for current 
and developing environmental 
legislation impacting material 
supply (Goddin et al., 2014) 
1-4+, 
quantitative 
score 
Granta 
Material 
Universe 
database 
No 
Conflict Material Risk Indicates the risk that a 
material's sourcing or 
production may have helped to 
finance conflict in the 
Democratic Republic of Congo, 
either directly or indirectly 
(Goddin et al., 2014)  
1-3, qualitative 
risk assessment 
based on U.S. 
conflict mineral 
laws and 
proximity of 
material 
producers to 
DRC region 
Granta 
Material 
Universe 
database 
No 
 
The majority of the studies aggregate indicators to compute an “overall supply risk score (i.e. single 
index)”. However, several methodological issues and caveats need to be noted regarding 
interpretation of aggregated indicator scores vs. non-aggregating indicators. Proponents of 
aggregation argue the use of simple indices is helpful for summarising complex information and 
assisting decision maker (e.g. Jollands et al, 2003). Critics, however, assert aggregation involves 
making several assumptions and important information can be masked or lost in the normalisation 
process (e.g. Morse et al., 2001; Bossel, 1999). Others acknowledge the pros and cons of aggregation 
and suggest incorporation of both approaches as necessary based on the decision context and need for 
information (Jollands et al, 2003). 
Furthemore, all the reviewed literature sources follow compensatory methods to calculate overall 
supply risk scores for materials, i.e. a weak performing indicator (low score) might be compensated 
by a strong performing indicator (high score) in summing scores. Trade-offs between the 
performances of indicators are inevitably accepted and hidden in such an approach (Bell and Morse, 
2008).   This raises several questions regarding the interpretation and use of overall supply risk scores 
for decision making/policy making as it is impossible for users to know how indicator performance 
scores were compensated. The use of non-compensatory methods may better inform policies and 
businesses to target areas for managing supply risks by providing more granular data. 
Generally, raw supply risk indicator information (e.g. tonnes, % ratio, 0-1 scores, etc.) are 
incomparable and difficult for businesses to interpret into meaningful information to support business 
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decisions. Most indicators are consequently normalised and rescaled onto a risk scale, typically 
ranging from high-to-low, to assess and monitor supply risks (e.g. British Geological Survey, 2015). 
As shown in table 5.2, processes followed to assess and normalise indicators are either qualitative or 
quantitative in their nature. However, the placement of risk thresholds is ultimately subjective and 
involves making multiple assumptions or requires significant data mining. To avoid issues and 
uncertainties regarding indicator aggregation, others prefer to avoid aggregation and interpret the use 
of a select set of supply risk indicators (e.g. Clifton, 2013; Goddin et al, 2014).  Overall, it is clear 
preferences for data vary and that caution must be taken regarding the use of risk or indicator 
information which has involved manipulation. 
5.2.3 Key findings and further research identified from the literature review 
Key findings regarding the development of methods for measuring access to resources from the 
literature review are (in no particular order of importance):  
 Material criticality determinations are subjective: the impact of material supply 
restrictions will vary from business-to-business and so it is impossible to posit an absolute list 
of critical materials for a business or product category. 
 Material supply risk indicators can be potentially measured in absolute terms: as these 
are generally not relative to a technology, business, or region.   
 Material abundance or scarcity is a minor factor in understanding material supply 
risks/bottlenecks: the abundance/scarcity plays a small role in understanding short-term 
material supply risks (i.e. 1-5yrs according to Graedel et al, 2012). Reserve levels are 
unreliable indicators for understanding supply availability as these are typically expanded 
through increased demand. In many cases, reserve levels have remained stable or increased as 
mining occurs and new resource deposits are extracted or discovered. Reserve levels reported 
by mines are also commercially sensitive and potentially unreliable. Resource bases of 
materials are equally unreliable as the scarcity of a material is often dictated by the 
technological and economic feasibility of mining or production. Most studies follow this view 
and add similar caveats although there appears to be an intuitive expectation to report this 
indicator (e.g.   Morley and Eartherly, 2008;  U.S. National Research Council, 2008). 
 Measuring supply risks involves assessing many social, political, economic, and 
environmental factors: there are many factors beyond resource availability/stock that affect 
the ability of companies to access resources. There is not one single indicator (non-
aggregated) which can capture all aspects of material supply risks.  
 There is not an agreed standard, method, or set of indicators for assessing material 
supply risks: this is most likely because the selection of indicators is context dependent and 
based on the goal and scope of assessments. As such, most studies are incomparable and often 
lead to different rankings of materials at risk.   
 There is not a single freely availably central database or consistently consulted database 
containing raw information and indicator values for all elements: this means a significant 
amount of time is spent consulting and collating multiple commercial and non-commercial 
data sources for assessments. In some cases, data sources are also scarce and of varying 
quality. Calculating supply risk scores thus requires extensive data collection.  
 Compensatory methods (i.e. trade-off techniques) are used to calculate overall supply 
risk scores: weak performing indicators might be compensated by strong performing 
indicators. This process is rarely transparent. 
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 Aggregated supply risk scores provide little information to businesses on aspects 
affecting the ability to access resources: although an aggregated score may provide the 
decision maker with high level information to prompt further investigation, aggregated scores 
hide and subsume potentially important information for understanding material supply 
bottlenecks and how to respond to them.  
 Defining risk thresholds is relative to the number of elements/materials evaluated and 
involves extensive data collection: for indicators whereby the range is unknown, risk 
thresholds are typically defined axiomatically after graphically plotting all results and 
identifying cluster points for a set of materials. Thus risk thresholds are arbitrary and 
subjective.  However, the cost of extensive data collection may make the placement of risk 
thresholds in assessments impractical.  
 Supply risk indicators are incomparable without normalisation: the identified indicators 
are measured on different types of scales (i.e. nominal, ordinal, interval and ratio) and as such 
incomparable. To compare performances and obtain an overall indication of supply risk, 
indicators are normalised and aggregated by all studies. However, the methodology is not 
fully detailed in some studies which raise several questions about transparency, interpretation, 
and the reliability of results for business decision making.  
 Supply risk assessment may form part of a larger assessment: For example, supply risk 
and material criticality assessments are starting to feature more in product LCAs because of 
growing business and policy concerns regarding the security and environmental sustainability 
of product supply chains (e.g. Nuss et al., 2014, Mancini et al., 2015 & 2013). This increasing 
attention in LCAs to understand both product environmental impacts and material supply 
risks is likely to lead to further informational demands on the supply chain (i.e. to provide 
both material risk related information in additional to standard life cycle inventory 
information).  However, current lack of standards on how to assess material criticality within 
the LCA literature means there is a potential for inconsistent assessments and 
misunderstanding. 
The above key learnings suggest the following broad recommendations/requirements for 
developing methods to measure the access to resources indicator:  
 Use an agreed set of manageable supply risk indicators: there is not an agreed set of 
indicators for modelling material supply risks at the product level. Selection of indicators is 
context specific and dependent on the informational requirements of stakeholders. As such, 
there is no right or wrong indicator but only a good match between the indicator and the 
purpose it is intended for. Consulting industry on selection of relevant indicators is suggested 
for ensuring uptake and successful implementation into business decision making. Criteria 
such as relevance, understanding, data availability, and practicality will need to be taken into 
consideration.    
 Normalise indicator measurements into “risks” to enable comparison of supply risk 
indicators and provide risk information useful to decision making: as supply risk 
indicators are measured on various types of measurement scales, it is necessary to normalise 
or rescale indicator measurements to enable comparisons or place risk thresholds. Businesses 
want to understand the probability of factors affecting material supply and in turn material 
costs. Normalising indicator scores into risk levels (e.g. low to high) will provide useful 
information for understanding impact on business. Although modelling risk thresholds are 
subjective and open to manipulation, some risk thresholds can be axiomatically defined.   
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 Avoid aggregating indicators and let industry decide how to use raw information: 
aggregation involves making multiple assumptions and masks important information for 
tracking material supply risks. Additionally, a single score provides little information on why 
supply risks may increase and how business can respond.  
 Use commercially available databases and tools to cost-effectively and consistently 
calculate indicator scores and understand material supply risks for parts within the 
industry: commercial databases have the benefit of containing all necessary data in a central 
location and obviate the need for expensive and time consuming data collation. As defining 
risk thresholds for some indicators are relative to a set of materials, the collation of data for 
the majority of elements on the periodic table to establish an indicator “min-max” range is 
impractical. Granta Design’s Material Universe (MU) database, for example, is the only 
available database to contain raw information and supply risk scores for 65 elements. The use 
of such a database would also provide the necessary information for reliably establishing risk 
thresholds.   The database also conveniently has a tool for generating material criticality 
reports based on the bill of materials (BoM) of a part.  
 Use 3-5 supply risk indicators for practically measuring access to resources at a high 
level: for external reporting, the selection of 3-5 key supply risk indicators is perhaps 
manageable and sufficient to initially identify materials at risk within the aerospace value 
chain for further investigation. There is a general view by indicator developers that the 
number of indicators considered should be limited to a few to practically highlight the most 
important aspects and avoid overburdening the decision maker with information (e.g. Lundin 
and Morrison, 2002; Morse and Bell, 2008). As highlighted previously, there is not a right or 
wrong indicator but only a good match between the indicator and the stakeholders’ 
requirement for information. As such, there will be a need to consult relevant stakeholders on 
choice of indicators which embody assessing material risks. The robustness of selecting 3-5 
indicators and if they are ‘good enough’ to meet informational requirements for highlighting 
risks could be tested with assessments involving the use of more (or all) supply risk 
indicators. Selection of indicators could be considered robust if cross-checked results are 
found to be highly comparable.   
 Establish a central database containing indicator scores and risk levels for key elements 
to avoid expensive data collection: as the assessment of presented supply risk indictors are 
absolute and independent of business impacts, establishing a database containing risk scores 
for all elements will avoid expensive data collection and provide useful information for 
industry to feed into their own internal risk or material criticality assessments.  It should be 
noted that the assignment of risk thresholds is in some cases relative to the number of 
elements studied. For example, environmental country risk is modelled following assessing a 
large set of elements. Thus it would be necessary to collate raw information and compute 
indicator scores for a large set of elements. 
 For undefined indicator ranges and to define risk thresholds, obtain indicator ranges 
from commercial databases (e.g. Granta Design Material Universe Database): for 
indicators such as geopolitical and sourcing risk, the range needs to be known to define risk 
thresholds (i.e. min and max values). The range, however, is empirically obtained and relative 
to the number of materials analysed. For example, Granta Material Universe database 
assesses 65 materials to obtain a range for geopolitical and sourcing risk to subsequently 
define risk thresholds. The collation of data and analysis of materials to calculate indicator 
scores is complex, time intensive, and costly. However, the need for analysing multiple 
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materials to obtain a range could be obviated if the min and max value of a dataset is obtained 
or made available.  Users can then use this information to define risk thresholds relative to the 
known range and so their business.     
 Explore options to develop non-compensatory methods to aggregate indicators and 
calculate overall supply risk scores: the main weakness of current methods used for 
obtaining overall supply risk scores are that they are compensatory. As the use of a single 
aggregated indicator score is perhaps desirable by certain stakeholders and for certain 
decision contexts, the use of non-compensatory methods (e.g. ELECTRE- ELimination Et 
Choix Traduisant la REalité or PROMETHEE-Preference Ranking Organization METHod for 
Enrichment of Evaluations) may offer techniques for ensuring there are no trade-
offs/compensation (e.g. Yoon and Hwang, 1995). For example, aspects such as criteria 
performance and preference thresholds could be modelled. The use of such techniques could 
be useful for sorting materials into more accurate high and low risk groups. However, it 
should be noted that the use of such techniques is sensible when trade-offs are unacceptable. 
Additionally, extensive modelling, development of evidence based parameters, and industry 
agreement on assumptions may lead users to still question the subjectivity of results.  
Overall, to further develop the A2R method, agreement on the selection of supply risk indicators and 
methodological choices for measuring the indicator by the industry consortium is recommended.  
5.3 Methodology  
Figure 5.2 presents the designed research process for selecting suitable supply risk indicators and 
agreeing methodological choices of measuring the A2R indicator with the industry consortium.  
 
 
 
Figure 5.2: research process to develop method and define requirements for measuring the access to resources (A2R) product-based 
environmental indicator 
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As mentioned previously, the literature review identified several supply risk indicators and 
methodological options for measuring A2R. To make methodological choices relevant to the 
aerospace industry and informational requirements of stakeholders, a workshop with the industry 
consortium was carried out to obtain stakeholder input on the development and practical application 
of methods (i.e. industrial supervisors/delegates from ADS Group, Airbus Group, Bombardier 
Aerospace, Granta Design, and Rolls-Royce). The workshop specifically focused on obtaining input 
on the selection of supply risk indicators and methodological choices for measuring A2R. Table 5.3 
consolidates the learnings from the literature review and presents the subsequent methodological 
choices/questions requiring the industry consortium's input and decision.  
 
Table 5.3: methodological choices for measuring the A2R product-based environmental indicator 
A2R Methodological choices 
1. Decide on option to use a commercial database or develop an industry central database for 
supporting cost-effective and consistent material supply risk assessments 
2. Decide on selecting a manageable set of indicators for assessing material supply risks (3-5) out 
of 18 possible supply risk indicators 
3. Decide on option to aggregate or not aggregate indicators 
4. Decide on option to normalise indicators into “risk” information or leave un-normalised for 
business to interpret 
5. Decide on option to obtain indicator ranges from commercial databases to assign risk thresholds 
6. Discuss preference of using compensatory and non-compensatory techniques for aggregating 
indicators and computing material supply risk scores 
7. Decide on option to weight indicators to denote higher preference on certain aspects 
 
The workshop was split into two parts. The first part focused on selecting supply risk indicators the 
industry consortium felt embodies assessing material supply risks. Criteria such as clear links to 
legislation, effect on material prices, and use of reliable data were used to guide indicator selection.  
The second part of the workshop focused on agreeing the methodological basis for measuring the 
selected indicators and industry requirements for information. Aspects such as the need to normalise 
and aggregate indicators were explored and discussed.  
 
Workshop outcomes were captured in the form of audio recording and notes. Final conclusions and 
recommendations for the development of methods for measuring A2R were then given based on the 
completed research. A copy of the agenda used for the workshop on the selection of supply risk 
indicators and methodological choices for measuring access to resources with industry consortium can 
be found in Appendix S.  
 
5.4 Results and discussion –Workshop on selection of supply risk indicators and 
methodological choices for measuring A2R 
Table 5.4 presents the set of five indicators agreed by the industry consortium following review of 18 
potential supply risk indicators.  From discussions, conflict material risk, environmental country risk, 
price volatility risk, sourcing and geopolitical risk, and monopoly of supply (HHI) risk were selected 
by the consortium because of clear links to legislation, their ability to affect material prices, and their 
use of reliable data. The consortium added other indicators for measuring A2R could be used but links 
to affecting material price, legislation, and use of quality data was believed to be too tenuous to 
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reliably support assessing material supply risks and therefore inform business decisions. Indicators 
based on forecasting or projection demands are based on multiple assumptions and were considered 
too unreliable to support decisions (although information such as competing demand or depletion time 
may be useful for understanding competition for resources). 
 
Table 5.4: Set of indicators agreed for measuring A2R product-based environmental indicator 
Supply risk indicator Description  Unit of 
measurement  
Data source  Data 
availability  
Price  volatility  Price volatility reflects 
historic fluctuations in the 
price of a material as sold on 
the open market, and is 
calculated as the percentage 
difference between the 
maximum and minimum price 
(in USD/kg) over the past five 
years, relative to the 
minimum price (Goddin et 
al., 2014) 
%, Ratio between max 
and min price over last 
10 years 
Multiple data sources 
containing global 
metal/commodity 
prices (e.g. 
Metalprices.com, 
investmine.com, etc.,) 
Free. Availability and 
cost of historical 
prices data vary 
between sources and 
metals (e.g. some 
require subscription 
access) 
Monopoly of supply/ 
Herfindahl-Hirschan Index 
(HHI) 
HHI measures the 
monopolistic power of a 
country/company on a given 
material. It is a useful 
measure of how competitive 
or concentrated a market is.   
0-10000, quantitative 
score 
British and U.S 
geological survey’s 
contain raw data, but 
complete HHI scores 
for materials can be 
found in Granta 
Design’s Material 
Universe database 
Free. British and U.S 
geological surveys 
are publicly 
available, but Granta 
Material Universe is 
a commercial 
database  
Sourcing and Geopolitical 
Risk 
A modified version of HHI 
incorporating WGI to 
measure geopolitical risk 
(Goddin et al., 2014) 
1-4+, quantitative 
score 
World Bank and 
Granta Material 
Universe database 
Free. WGI scores are 
freely available from 
the World Bank.  
Environmental Country 
Risk 
A modified version of HHI 
incorporating Yale’s 
Environmental Performance 
Index (EPI) account for 
current and developing 
environmental legislation 
impacting material supply 
(Goddin et al., 2014) 
1-4+, quantitative 
score 
Yale EPI database and 
Granta Material 
Universe database 
Free. EPI scores are 
freely available from 
Yale University 
Conflict Material Risk Indicates the risk that a 
material's sourcing or 
production may have helped 
to finance conflict in the 
Democratic Republic of 
Congo, either directly or 
indirectly (Goddin et al., 
2014)  
1-3, qualitative risk 
assessment based on 
U.S. conflict mineral 
laws and proximity of 
material producers to 
DRC region 
U.S Frank Dodd Act 
and E.U Conflict 
Minerals Regulation. 
However, Granta 
Design’s Material 
Universe database 
contains qualitative 
risk for all major 
materials 
Free. Conflict zones 
are detailed in U.S 
and EU law 
 
Monopoly of supply risk, sourcing and geopolitical risk, and environmental country risk are rooted in 
the use of the HHI index but measure significantly different aspects of supply risk based on 
concentration of power and therefore were considered by the consortium as reliable for informing 
business decisions. On the topic of potentially using a single indicator, the industry consortium felt 
‘price volatility’ could be used as a single proxy indicator for measuring material supply risks. It is the 
only indicator to provide indication of material price fluctuations and therefore potential impacts to 
business profits. The industry consortium added the indicator, arguably, encompasses and reflects the 
possible market factors affecting material price. For example, monopolistic supply power or materials 
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sourced from politically unstable regions would generally lead to increased material prices. However, 
some members of the consortium added the price volatility of materials need to be interpreted with 
caution as pricing data maybe highly unreliable or based on multiple speculations around the supply 
and demand of materials (e.g. mines may under or over report reserve levels). Additionally, caution to 
the use of this as a single indicator was given as it cannot explain why prices were increasing and 
therefore enhance understanding for mitigating supply risks (e.g. if a high monopolistic control of a 
material supply chain was affecting material prices). These insights support similar findings in the 
literature which suggests the use of past data is often a poor proxy for future changes (Lloyd, 2013). 
 
Several methodological choices for measuring the A2R indicator were then debated by the industry 
consortium. Table 5.5 summarises the industry consortium’s decisions and comments for each 
methodological choice for measuring A2R.  The most important methodological choice for measuring 
A2R was the option to normalise/rescale all indicators onto a 0-1 scale and aggregate/sum indicators 
to calculate an overall supply risk score (or index). The group found the use of an overall score 
summarising material supply risks intuitively appealing for informing business decisions and wider 
assessments (e.g. environmental impact assessments). However, the group agreed normalising 
indicators involves making multiple assumptions and therefore increases the uncertainty of 
information. Additionally, the group found aggregation masks important information and may lead to 
overlooking potential risks affecting material supply.  Therefore, the group overall preferred to not 
normalise or aggregate indicators to fully understand material supply risks and avoid the potential for 
misunderstanding. Instead, the group suggested businesses/stakeholders can normalise supply risk 
indicators as required based on their decision context and need for information.  
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Table 5.5: Industry consortium agreed methodological choices for measuring the A2R product-based environmental indicator 
following workshop discussions 
A2R Methodological choice Workshop outcomes and comments 
1. Decide on option to use a 
commercial database or 
develop an industry central 
database for supporting 
cost-effective and consistent 
material supply risk 
assessments 
 
 The industry consortium agreed the use of commercial databases is necessary for 
cost effective assessments of material supply risks.  
 
Although data is freely available, the group agreed the cost of data compilation from 
multiple databases would make assessments prohibitive. Available commercial databases 
offer the convenience of having completed extensive data collation for the majority of 
elements on the periodic table. Development of an industry database was felt to be 
unfeasible as it would require extensive data collation and likely involve dealing with data 
gaps, the need to regularly update information, and draw on both public and commercial 
databases to fill data gaps. 
2. Decide on option to 
aggregate or not aggregate 
indicators  
 
 The industry consortium preferred to not aggregate indicators to avoid masking 
information for tracking supply risks  
 
The choice to aggregate or not aggregate indicators into a single index was a contentious 
point within group discussions.  Aggregation can mask information and make it difficult for 
businesses to track supply risks. However, the convenience of using an overall aggregated 
material supply risk score might be preferred for decision making and communication in 
certain contexts. 
3. Decide on option to 
normalise indicators into 
“risk” information or leave 
un-normalised for business 
to interpret 
 The industry consortium preferred to not normalise indicators into risk 
information as this is subjective and involved making multiple assumptions 
 
The industry consortium debated that un-normalised information is difficult to compare and 
interpret into managing business risks. However, normalisation of indicators into risk 
involves making multiple subjective assumptions. Additionally, the interpretation of risk is 
subjective and varies from business-to-business and therefore unsuitable to declare in 
absolute terms.  
4. Decide on option to obtain 
indicator ranges from 
commercial databases to 
assign risk thresholds 
 The industry consortium agreed obtaining indicator ranges from commercial 
databases is cost-effective for practically normalizing indicators into risk 
information in the absence of freely available databases. 
 
An indicator may require obtaining indicator scores for a large set of elements or materials 
to define the min-to-max range for assigning risk thresholds. Collation of such data could be 
very time consuming and costly. If an industry central database is not available, use of 
commercial database(s) containing all relevant information was preferred as a cost-effective 
option for obtaining indicator ranges for assigning risk thresholds 
5. Discuss preference of using 
compensatory and non-
compensatory techniques 
for aggregating indicators 
and computing material 
supply risk scores:  
 
 The industry consortium agreed use of non-compensatory techniques in the 
material criticality assessments is unexplored but may lead to different rankings of 
materials, highlighting the need to further research the methodological basis of 
measuring A2R and impact on informing decisions. 
 
The industry consortium highlighted that current policy and business decision making 
centres on results which have used compensatory methods, but added there is a major 
industry and policy research gap regarding the use of non-compensatory methods (i.e. non-
trade off techniques) to calculate material supply risk scores. Carrying out such research was 
agreed by the industry consortium for validating the robustness of compensatory methods 
for informing decisions. 
6. Decide on option to weight 
indicators 
 The industry consortium preferred to not weight indicators to prevent skewing 
results 
 
However, the consortium added businesses can weight indicators according to their 
priorities.  
 
Views regarding the use of weights and translating indicators into risk-based information (e.g. high, 
medium, and low risk) were obtained. The industry consortium preferred to not weight indicators as 
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the relative importance of supply risk indicators (e.g. conflict material risk vs. environmental country 
risk) will vary from business-to-business. Additionally, the group preferred to not translate indicators 
into risk-based information as this is highly subjective and business specific. The translation of 
indicators into risk information and the placement of risk thresholds vary according to the risk 
appetite of businesses and ability to absorb supply disruptions. For these reasons, declaration of risk 
information in absolute terms for industry wide use was viewed to be unsuitable by the industry 
consortium. However, the group felt the interpretation of supply risk indicators into risk information 
was useful for comparing indicators, communicating risks, and informing decisions.  As such, 
guidance on how to translate indicators into risk information may be useful (e.g. how to normalise 
indicators and place risk thresholds for internal use).  
 
Overall, the workshop was essential for agreeing the set of indicators and methodological basis for 
measuring the A2R indicator. As a result of the research, an industry consortium agreed method for 
measuring A2R at the product level for use within the ADS industries has been defined. Such a 
method was previously unavailable to the industry and will therefore support the cost-effective 
assessment of material supply risks for internal use and external reporting.  Testing implementation 
into practice may provide further insights into issues such as data availability and usefulness to 
stakeholders before considering roll-out for wider industry use. Therefore, future research could focus 
on testing the method on aerospace products and refining the overall method based on case study 
results and stakeholder feedback. However, the selection of indicators and methodological basis of 
measuring the A2R product-based environmental indicator is unlikely to change from testing as data 
for measuring indicators are available publicly or in commercial databases.  
 
5.4.1 Contribution to knowledge, industry practice, and policy   
The research claims several contributions to knowledge, industry practice, and outcomes of 
significance for informing the development of effective polices and standards which benefit 
businesses as well as the broader environment and society. The overall contribution to knowledge and 
industry is the development of methods and the learnings derived from the process undertaken to 
determine them and includes:  
 
1. Industry consortium agreed set of supply risk indicators which embody assessing access to 
resources from a manufacturers’ perspective: hitherto such a set of supply risk indicator 
specific to the ADS industries was unavailable in the academic and industrial literature. The 
agreed set of indicators provide enhanced insight into industry thinking regarding factors 
considered important for assessing access to resources/material supply risks. The agreed method 
may also support and feed into product LCAs or risk assessments for informing business 
decisions and policies.  
 
2. Consolidated industry input and agreed methodology for measuring the access to 
resources indicator for the ADS industries:   several methodological choices related to 
aggregation, normalisation, data sources, are required for assessing access to resources. 
Research presents industry consortium agreed methodological choices on aspects related to 
measuring A2R. Such industry input and detailed requirements was unavailable in the extant 
literature and will therefore provide the methodological basis for future research, policy 
development, and industry standards. 
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3. Recommendations to explore the use of non-compensatory aggregation methods for the 
aggregation and interpretation of supply risk scores: current methods are compensatory and 
accept trade-offs between indicator scores, i.e. a weak performing indicator maybe 
masked/compensated by a strong performing indicator. Suggestion to explore the use of non-
compensatory techniques has not been explored in the literature and so is a novel research 
outcome and recommendation emerging from the research. 
 
5.5 Chapter summary - concluding remarks and recommendations 
This chapter has presented the research carried out to establish the method for measuring the access to 
resources product-based environmental indicator for use within the ADS industries. There is 
increasing business interest in understanding and reducing material supply risks to ensure business 
continuity. This chapter explored potential methods and defined industry requirements for measuring 
the A2R product-based environmental information. Following a literature review, several supply risk 
indicators and methodological choices for measuring the A2R indicator were identified. However, 
selection of indicators and methodology is ultimately based on industry and stakeholder requirements 
for information. For this reason, a workshop was held with the industry consortium to explore and 
agree: (1) what indicators could be selected to measure A2R, and (2) how the selected indicators 
should be measured.  
Out of 18 potential supply risk indicators identified from the initial literature review, five were 
identified as key: conflict material risk, environmental country risk, price volatility risk, sourcing and 
geopolitical risk, and monopoly of supply (HHI) risk were selected because of clear links to 
legislation, affecting material prices, and use of reliable data. Regarding methodological choices for 
measuring A2R, the group preferred to avoid normalising and aggregating indicators to prevent 
masking information. Because requirements for information vary significantly between stakeholders, 
the industry consortium felt stakeholders can manipulate raw information (i.e. supply risk indicators) 
as required for their decision context.   
In conclusion, the main methodological basis of measuring the A2R product-based environmental 
indicator has been agreed by the industry consortium through support provided by this research. These 
research findings provide valuable insight into stakeholders’ perceptions for information and 
managing material supply risks. Testing implementation of the agreed A2R method into industry 
practices may provide additional insights in regards to the assessment of risks within a business 
setting. However, as data is available from known sources, the process of testing methods into 
industry practice is unlikely to provide further insights or prompt refining the proposed method as the 
process for data collection is the same regardless of chosen part. Additionally, as the assessment and 
perception of risk varies from business-to-business, the implementation of the methods into wider risk 
assessments is unlikely to provide enhanced insights for modifying the method as this invariably 
varies between businesses (i.e. they will likely have different workflows for assessing risks). For this 
reason, the method was not tested in industry practice as group discussions pointed out 
stakeholders/businesses will use and amend the agreed method based on their decision context and 
need for information.  Overall, the agreed set of supply risk indicators and methodological choices 
will therefore inform future work, businesses, and policy makers to develop cost-effective methods 
for managing material supply and business risks within the aerospace industry. 
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Chapter 6: Summary of conclusions and 
further work 
This final chapter focuses on a broader discussion of the learnings and challenges that have emerged 
throughout the project. It includes a summary of the contribution to knowledge brought together from earlier 
chapters and provides recommendations for further research. 
 
6.1 Research summary 
Within the ADS industries, there is a growing reporting requirement and interest in understanding, measuring, 
evaluating, and reducing the environmental impacts of products and related risks to business. Consequently, 
requests from governments, customers, OEMs, and other interested stakeholders, for environmental 
information about ADS products are becoming widespread.  However, the lack of industry standards limited 
the industries’ ability to cost-effectively meet the informational needs of various stakeholders, and proliferated 
the use of inconsistent and incomparable information.  
The overall aim of this research was thus to develop suitable methods for measuring two pre-selected product-
based environmental indicators for use within the ADS industries (i.e. energy consumption and access to 
resources). The selected indicators were chosen because of their contrasting scopes (local vs. global) and 
nature of assessment (quantitative vs. qualitative), and so provided the opportunity to research the potential 
implementation and reporting challenges of placing such informational demands on the aerospace value chain. 
To ensure the development of suitable methods for the ADS industries, an action research approach was 
applied to collaboratively develop and agree methods with an industry consortium comprising of major 
aerospace manufacturers and key players. Four research objectives were set to help meet the thesis aim:  
1. Research objective 1: Understand and define the motivations for the development of 
industry product-based environmental indicators, potential end-applications, and key 
stakeholders for the use of product-based environmental information 
2. Research objective 2: Identify and define the industry criteria for the measurement of 
the indicators  
3. Research objective 3: Develop and select a single industry method for measuring the 
“energy consumption (EC)” product-based environmental indicator  
4. Research objective 4: Develop and select a single industry method for measuring the 
“access to resources (A2R)” product-based environmental indicator 
The initial literature review concluded the selection of methods is based on the intended end-application and 
stakeholders’ requirements for product-based environmental information, and resulted in setting objectives 1 
and 2 to engage the industry consortium to ascertain context and requirements for the development of 
methods. Chapter 3 subsequently presented the research carried out to frame the industry motivations, 
potential end uses, and industry requirements for the development and use of product-based environmental 
indicators. Key findings were that users wanted to use the indicators for multiple purposes and the industry 
consortium desired a single method which can satisfy potential reporting requirements but also the 
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informational requirements of a broad range of stakeholders/uses (e.g. eco-design, environmental product-
declarations). Data availability, practicality/ease of implementation, and ability to support multiple 
uses/benefits to businesses were found to be the most important requirements for guiding the development and 
selection of methods.  
Using findings from objectives 1 and 2, Chapter 4 began research to develop and select a single method for 
measuring the energy consumption product-based environmental indicator. The literature review identified a 
lack of guidance but a potential range of methods for calculating the manufacturing energy footprint of 
products. To ascertain the use of existing methods used within industry for calculating the manufacturing 
energy footprint of products, the industry consortium was engaged. Four disparate methods were identified as 
a result:  
1. Direct measurement 
2. Theoretical calculation  
3. Facility level allocation of energy consumption to part (based on annual production hours, 
quantity, or weight of parts manufactured)  
4. Approximation based on generic data    
Although the scope and data requirements of methods varied, no research into the comparability of methods 
(i.e. do they produce similar results) and feasibility for industry wide use as a single method was available for 
making an informed decision. Three case study parts manufactured by Airbus Group, Bombardier Aerospace, 
and Rolls-Royce were subsequently selected to test implementation of each method in industry practice and 
guide selection. Based on completed research and feedback from the industry consortium, Method 3 
(Production Hours) was found to be the most suitable and preferred “single” method for immediately 
reporting and measuring the energy consumption product-based environmental indicator as it was quick to 
implement and based on widely available industry data.  However, the large data uncertainties and usefulness 
of this method outside of external reporting limited the method for driving energy efficiency and reducing 
environmental impact.  
With regards to the comparison of methods, research findings showed methods are incomparable and produce 
significantly different results when applied to calculate the manufacturing energy footprint of the same part. In 
some cases, errors could be in the order of one magnitude and thus significant for understanding energy use, 
environmental impacts, reporting information, and comparing information for informing decisions. Therefore, 
the methods cannot be assumed to be interchangeable and stacked in LCAs, EPDs, and other standards for 
fairly comparing and reporting product-based environmental information. Method 4 could not be implemented 
fully to approximate the total manufacturing energy footprints of the case study parts because of data gaps in 
the generic database for process energies. However, the limited implementation of method 4 to estimate 
specifically machining energy consumption suggested a high comparability between generic data use and 
direct measurement (i.e. specific data). These limited findings challenge attitudes towards generic data use and 
indicate potential scope to replace expensive primary data collection with more cost-effective (and similarly 
accurate) generic data.  
Chapter 5 then presented the research carried out to develop and select a method for measuring the access to 
resources product-based environmental indicator. Access to resources (A2R) was interpreted as assessing 
material supply risks. Following a literature review, several supply risk indicators and methodological choices 
for measuring the A2R indicator were identified.  Methodological choices included decisions such as to 
normalise and aggregate supply risk indicators into a single score.  However, selection of indicators and 
methodology is ultimately based on industry and stakeholder requirements for information. For this reason, a 
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workshop was held with the industry consortium to explore and agree: (1) what indicators could be selected to 
measure A2R, and (2) how the selected indicators should be measured.  Out of 18 potential supply risk 
indicators identified from the initial literature review, five have been identified as key: conflict material risk, 
environmental country risk, price volatility risk, sourcing and geopolitical risk, and monopoly of supply (HHI) 
risk were selected because of clear links to legislation, use of reliable data, and effect on material prices. 
Regarding methodological choices for measuring A2R, the group preferred to avoid normalising and 
aggregating indicators to prevent masking information. As a result of the research, the main methodological 
basis of measuring the A2R product-based environmental indicator has been agreed by the industry 
consortium. The chapter finally recommended testing implementation into practice to fully investigate issues 
such as data availability and usefulness to stakeholders before considering roll-out for wide industry use. 
Several broad contributions to the wider theme of global sustainability and increasing reporting pressure on 
businesses are notable from the research.  There is a developing requirement to understand the impact of 
business activities and products towards achieving global sustainability.  Some academics, for example, 
suggest a greater need to understand if environmental impacts from business activities and product life cycles 
are within the planetary boundaries for sustainability (e.g. Clift et al, 2017). Others advocate greater policy 
attention and business action to switch from the current and unsustainable business model of a "take-make-
dispose" economy to a more circular and sustainable business model of “make-use-return” (Ellen McCarthur 
Foundation, 2018). In either view, it is clear greater attention on the sustainability of products is being placed. 
The recognition and need to reconcile product environmental impacts with achieving global sustainability will 
continue to increase reporting pressures on businesses (e.g. the Global Reporting Initiative) to demonstrate 
product responsibility. As such, the development of industry agreed methods is the most productive way for 
stakeholders within (and outside) the ADS industries to consistently evaluate and reduce their environmental 
impacts, and support the broader goals of transitioning towards a more circular and low carbon economy. 
In conclusion, as a result of the completed research, several major contributions to knowledge, industry, 
policy, and the development of standards are notable. The main contribution to knowledge is the methods 
developed and the learnings derived from the process undertaken to determine them. The main contribution 
and benefit to the ADS industries are single, practical, research informed, and industry consortium agreed 
methods for cost-effectively measuring two product-based environmental indicators (which support the 
informational requirements of a wide range of stakeholders and potential end-uses). The examined indicators 
and the  'case study’ approach utilised with an industry consortium to identify the generic issues in developing 
suitable methods will be of value for: (1) other industries with similar product/value chain characteristics, and 
(2) the development of methods for measuring other product-based environmental indicators for industry use 
(e.g. water, waste, recyclability, etc.).  Overall, findings presented in this thesis will support businesses and 
other similar industries (e.g. automotive and rail) to consistently assess, understand, report, and improve the 
sustainability of their products and supply chains. The research outcomes also provide valuable industry 
insights for informing the development of emerging product-orientated environmental policies and standards 
in a manner which benefit the ADS industries and broader environment. Further details on achieved research 
objectives and the subsequent contributions to knowledge are given in the next section, whilst reflections on 
the limitation of the research and recommendations for future work are given in Section 6.3.  
6.2 Summary of objectives, key findings, recommendations, and contributions to knowledge 
Tables 6.1-6.4 collates and summarises key findings from research objectives 1-4 and the subsequent 
recommendations and contributions to knowledge and industry.   
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Table 6.1: Key findings and contributions to knowledge from objective 1 
Objective 1: Define and understand the motivations for the development of industry product-
based environmental indicators, potential end-applications, and key stakeholders for the use of 
product-based environmental information 
Key findings  
1 
Key drivers are demonstrating CSR and emerging policies/ legislations for reporting 
product level environmental information, but standardisation was seen overall as the key 
driver for reducing reporting burden and the proliferation of inconsistent and 
incomparable product-based environmental information  
2 
Several potential end applications/uses for product-based environmental indicators within 
the ADS industries were identified, ranging from eco-design and EPDs through to 
reporting to regulators and managing business risks and production resource efficiency  
3 
Regulators, customers, OEMs, and suppliers were identified as  key stakeholders to 
potentially engage and satisfy 
Contributions to knowledge and industry 
1 
Key drivers, potential end applications, and stakeholders for the development and use of 
product-based environmental indicators within specifically the ADS industries 
 
Table 6.2: Key findings and contributions to knowledge from objective 2 
Objective 2: Identify and understand the industry criteria for the measurement of 
the indicators  
Key findings 
1 
Data availability, practicality/ease of implementation, and ability to support multiple 
uses/benefits to businesses are the most important criteria for the development of suitable 
methods 
Contributions to knowledge and industry 
1 
Industry consortium agreed requirements for the development of suitable methods for 
reporting product-based environmental information within specifically the ADS 
industries, for both selected indicators and other future indicators 
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Table 6.3: Key findings, recommendations, and contributions to knowledge from objective 3 
Objective 3: Develop and select a single industry method for measuring the “energy consumption 
(EC)” product-based environmental indicator 
Key findings 
1 
 
Four main methods for calculating the manufacturing energy footprint print of parts are available: 
(1) direct measurement; (2) theoretical calculation; (3) facility level allocation based on annual 
production hours, quantity, or weight of products manufactured, and (4) approximation based on 
generic data. These methods are presently stacked and used interchangeably in the academic 
literature and industry practice (e.g. LCA’s and EPD’s) 
2 
Method 3, facility level allocation based on production hours, was found to be most suitable for 
immediate use as it is quick to implement and data is widely available. However, the large data 
uncertainties and usefulness of this information outside of external reporting limits the method 
for driving energy efficiency and reducing environmental impact. 
3 
Method 1, direct measurement, is still viewed by the industry consortium as the most 
accurate/product specific method for identifying energy and environmental improvement 
opportunities, but too costly and impractical for industry wide roll-out as a reporting standard. 
4 
The maximum observed difference between the pair-wise comparisons of two methods based on 
the use of site specific/primary data was found to be a factor of 10 (i.e. an error in the order of 
one magnitude) when applied to calculate the manufacturing energy footprint of the same part. 
Therefore, standards and policies suggesting the use of multiple methods may indeed proliferate 
the declaration of incomparable information rather than engender comparability. 
5 
There is a high comparability between direct measurement (i.e. specific/primary data) and 
generic/secondary data use for calculating machining energy consumption. Generic data therefore 
offers a potentially more cost-effective but similarly accurate option in comparison to direct 
measurement (method 1). 
Recommendations (based on findings)  
1 
Move towards the use of generic data for reporting the manufacturing energy footprint of 
products as the aspirational goal of the industry 
2 Develop uncertainty factors per method to apply to results for establishing error bars 
3 Develop correction factors to account for background energy use 
4 Increase sample size and the range of products investigated to validate findings 
Contributions to knowledge  
1 
Major differences in results from the use of different methods (potential errors in the order of one 
magnitude) 
2 First empirical comparison of methods for calculating product manufacturing energy footprints  
3 
Real world application and selection of practical methods for calculating the manufacturing 
energy footprint of high value products with global supply chains 
4 Generic data is potentially comparable with direct measurement (i.e. site specific/primary data) 
5 
First uncertainty comparison of implemented methods to calculate the manufacturing energy 
footprint of parts 
Contributions to ADS and other industries, policies, and environmental declaration standards  
1 
Industry consortium agreed method for calculating the manufacturing energy footprint of 
aerospace products for external reporting   
2 
Industry input and research for informing the development of national and global aerospace 
standards 
3 
Cross-over learnings and method for use in other sectors with similar products/value chain 
characteristics (e.g. automotive and rail)   
4 
Current standards and developing EU policies for the declaration of life-cycle based information 
proliferate incomparability rather than engender comparability (e.g. EU PEFs and EPDs): 
5 
There are multiple and varying methods based on the use of site specific/primary data but they 
are not comparable and cannot be used interchangeably  
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Table 6.4: Key findings, recommendations, and contributions to knowledge from objective 4 
Objective 4: Develop and select a single industry method for measuring the “Access to 
resources (A2R)” product-based environmental indicator 
Key findings 
1 18 supply risk indicators could be used to assess material supply risks 
2 
Conflict material risk, Environmental country risk, Price volatility risk, Sourcing and 
geopolitical risk, and Monopoly of supply (HHI) risk were selected by the industry 
consortium because of clear links to quality data use, legislation, and impact on material 
prices 
3 
Industry consortium preferred to not normalise and aggregate indicators into a single index 
score to avoid the potential for misunderstanding and masking information useful for 
managing risks. 
Recommendations (based on findings) 
 
1 
Test implementing the agreed A2R method into industry practices to understand suitability 
and potential data challenges before considering industry wide roll-out 
Contributions to knowledge and industry 
1 
Industry consortium agreed set of supply risk indicators which embody assessing access to 
resources from an aerospace manufacturers’ perspective 
2 
Consolidated industry input and agreed methodology for measuring the access to resources 
indicator for specifically the ADS industries 
3 
Recommendations to explore the use of non-compensatory aggregation methods for the 
aggregation and interpretation of supply risk scores 
 
6.3 Limitations of the research and future research 
Several caveats and limitations of the research need to be noted regarding interpretation of research findings.  
Limitations:  
 Findings are based on the views and input of an industry consortium: although the industry 
consortium aimed to represent the business and environmental sustainability interest of the ADS 
industries, findings are ultimately limited to this small sample size and the potential bias of delegates 
representing companies. For example, the A2R method is based on the preferences and subjective 
evaluations of the industry consortium.  
 Limited case studies testing implementation of methods for measuring the manufacturing 
energy footprint of aerospace products: although the case studies were analysed in depth to form 
conclusions, findings cannot be reliably extrapolated to apply to the full range of products 
manufactured in the ADS industries overall.  The three case study parts were manufactured by major 
original equipment manufacturers/tier 1 suppliers in large complex manufacturing facilities (> 250 
employees). Consideration of other products, manufacturing processes, and small to medium sized 
enterprises (SME) sites may identify different data challenges for implementing methods, capabilities 
to report information, and preferences for methods.  
 Findings are based on the analysis and interpretation of the researcher: although findings were 
shared and validated by the industry consortium, action research centres on the collection and analysis 
of data by the researcher. Although all possible efforts have been made to ensure a diplomatic, 
research, and consortium led approach was taken, it is possible the natural bias of the researcher and 
selection of research and analysis methods may have influenced results. Additionally, the relationship 
between the researcher and the researched cannot be ignored. The researcher spent of the majority of 
his time based in industry and on placements with the funding companies (some more so than others). 
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Some academics may criticise this as being “too close” and compromise the ability of the researcher 
to remain objective from participant and data, and ultimately introduce bias (Duffy, 1986). In contrast, 
some commentators indeed suggest the closeness of the researcher to the researched might result in 
more honest data and reliable data, and therefore meaningful conclusions which lead to improved 
practice (Karim, 2001).  
 
Future work:  
Based on the key findings and limitations of the research, this thesis broadly recommends the following for 
enhancing findings, completing the development of further methods, and informing policy discussions to 
benefit businesses and the broader environment:  
 Increase sample size and the range of products investigated to validate findings: while the case 
studies have been researched in depth, findings are based on a limited sample size of three aerospace 
parts. As such, the inclusion of other parts or types of facilities may either validate or significantly 
affect results and thereby the conclusions reported.  Repeating the study with a wider audience will 
enhance findings to ascertain if the developed methods are compatible with the ADS industries 
overall. 
 Complete development of methods for measuring the four other product-based environmental 
indicators using the methodology followed in this thesis: there are currently no agreed methods for 
measuring the four other ADS industries selected products-based environmental indicators (i.e. waste 
production, recyclability potential, hazardous substance use, and water consumption). Selected 
indicators are considered important to the industry for evaluating environmental impacts and business 
risks, and likely to form the basis of any reporting requirement placed onto the industry for declaring 
product based environmental information. Repeating the participatory approach followed in this thesis 
is recommended to develop suitable, research informed, and industry tested methods which add 
business value.   
 Inform and update current standards and policy discussions such that suggested methods are 
practical and engender the comparability of product-based environmental information (e.g. EU 
product environmental footprinting policy and product category rules for environmental 
product declarations):  findings from particularly the development of the energy consumption 
indicator highlighted the practicality and incomparability of using a range of methods to calculate the 
energy footprint of the same product.  Based on these findings, current standards and policy thinking 
that allow multiple methods to be used and stacked may indeed proliferate the incomparability of 
product-based environmental information rather than engender it. This thesis thus recommends 
incorporating learnt insights and exploring (for example) how the incomparability of methods could 
be reduced by developing correction factors, or setting the use of single methods to engender 
consistency, cost-effective, and comparable environmental information.   
 Consider testing A2R method in industry practice to understand possible data collection 
challenges: although data for measuring the A2R indicator is based on consulting material databases 
and therefore data gaps are unlikely, testing the method may highlight potential data gaps and 
uncertainty issues to consider. 
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